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Deascription
BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION:

The present invention relates to a liquid crystal display device and a method for producing the sams. More specif-
ically, the present Invention relates to a Bquid crystal display device having wide viewing angle characteristics and a
method for producing the same.

2. DESCRIPTION OF THE RELATED ART:

In the past, a Iiquid crystal display device (hereinatter, also referred to as an "LCD") in a twisted nematic (TN) mode
has been known. The liquid ¢rystal display device in a TN mode has poor viewing angle characteristics (i.e., a narow
viewing angle). As shown in Figure 30A, when TN-LCD 200 is in a gray-ecale display, liquid crystal molecules 202 are
tited in one directon. As a result, in the case where TN-LCD 200 is cbserved in viewing angle directions A and B as
shown in Figure 30A, apparent light ransmittance varies depending upon the direction. Accordingly, the display quality
(e.g.. contrast ratio) of TN-LCD 200 greatly depends upon the viewing angle.

In order to improve the viewing angle characteristics of a liquid crystal display device by controlling the alignment
state of liquid crystal molecules, it is required to align liquid crystal molecules In at least two directions in each pixel.
Examples of such liquid crystal display devices indudes those in an axially symmetric aligned microcell (ASM) moda in
which fiquid crystal molecules are axis-symmetrically aligned in each pixel. Referring to Figure 30B, for exampls, when
a liquid crystal display device 210 in an ASM mode in which a liquid crystal region 214 is surrounded by a polymer
region 212 is in gray scales, liquid crystal molecules are aligned in two different directions. In the case where the liquid
crystal display device 210 is obsarved in viewing angle direcions represented by arrows A and B, apparent fight trans-
mitlance is averaged. As a result, the light transmittance in the viewing angle directions A and B becomes substantially
equal, whereby viewing angle charactesistice are improved compared with those in a TN mode.

Examples of bquid crystal display devices in a mode having improved viewing angle characteristics (hereinafter,
referred to as a "wide viewing angle mode®) induding an ASM mode will be described below.

(1) There Is a technique for elecirically controlling a transparent state or an apague state by utilizing birefringence
of a liquid crystal material in a liquid crystal display device which has polymer walls in a liquid crystal cell without
polarizing plates and which does not require any alignment treatment According to this technique, the ordinary
index of liquid crystal molecules is matched with the refractive index of a supporting medium. Under the application
of a voltage, the liquid crystal molecules are afigned, whereby a transparent state is displayed. When no voltage is
being applied, the alignment of the liquid crystal molecules is disturbed, whereby a light scattering state is dis-
played.

For example, Japanese National Phase PCT Laid-open Publication No. 61-502128 discloses a technique for
mixing liquid crystal with a photocurable or thermosetting resin, curing the resin to phase-separate liquid crystal
from the resin, thereby forming liquid crystal droptets in the resin. Furthermore, Japanese Laid-open Publication
Nos. 4-338923 and 4-212928 disclose a liquid crysta) display device in a wide viewing angle mode obtained by
combining the device disclosed in Japanese National Phase PCT Laid-open Pubtication No. 61-502128 with polar-
izing plates in such a manner that polarization axes are orthogonal to each other.

(2) As a technique for improving viewing angle characteristics of a non-scattering type liquid crystal cell using polar-
izing plates, Japanese Laid-open Publication No. 5-27242 discloses a technique for producing a composite mate-
ria) containing liquid crystal and a polymer material from a mixture of liquid crystal and a photocurable resin by
phase separation. According to this technique, the liquid crystal molecules in iquid crystal domains are randomly
aligned by generated polymars, the liquid crystal molecules rise in different directions in each domain under the
application of a voltage. Therefore, the apparent light transmittance observed in each direction becomes substan-
fially equal (because retardation d « An Is averaged, where d is a thickness of a liquid crystal layer and An is bire-
fringence of a liquid crystal material), so that the viewing angle characteristics in gray scales are improved.

(3) Recently, in Japanese Laid-open Publication No. 7-120728, the inventors of tha piesent invention have pro-
posed a liquid orystal display device in which iquid crystal molecules are omnidirectionally aligned (e.g., in a spiral
state) in pixe! regions by controlling light using a photamask or the like during photopolymerization. This device
uses a technique of axis-symmetrically afigning liquid crystal molecules by utlizing phase separation from a mix-
ture of baquid crystal and a photocurable resin. The Bquid crystal molecules are axis-symmetrically afigned when no
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voltage is being applied, and coms closer to homeotropic alignment (alignment vertical to the substrates) under the
application of a voltage, whereby the viewing angle characteristics are remarkably improved. This technique is a p-
type display modse using a p-type liquid crystal material (i.e., a material with a positive dielectric anisotropy Ae).

As an example of a method for producing a device as described above, Japanese Laid-open Publication No.
8-95012 discloses a method for forming lattice-shaped polymer walls having a thicknass smaller than the cell thick-
ness in each pixe! region, injecting a mixture of liquid crystal and a photocurable resin into the cell thus produced,
and axis-symmetrically aligning liquid crystal molecules by utilizing two-phase regions in which a liquid crystal
phase and a uniform phase exist. This production method does not use alignment fims.

(4) Furthermore, Japanese Laid-open Publication No. 6-308496 discloses a liquid crystal display device in a wide
viewing angle mode including an axis-symmetical alignment fim made of a crystalline polymer with a spherulite
structure on the surface of a substrate.

(5) Japanese Laid-open Publication No. 6-194655 discloses a technique for coating an alignment fim on a sub-
strate and aligning liquid crystal molecules in a random direction without performing an alignment treatment such
as rubbing.

There are techniques for dividing pixels into a plurality of regions and aligning liquid crystal molecules in each
region in such a manner that the viewing angle characteristics in each region compensate for each other. Examples
of the method will be described below.

(6) Japansse Laid-open Publication No. 63-106624 discloses a method for dividing each pixel into regions and per-
forming an alignment treatment such as rubbing so that the rubbing directions in the respective regions become
different. '

Figures 31 and 32 show a liquid crystal display device obtained by the above method, having wide viewing
angle characteristics and being capable of cbtaining a display with a satisfactory contrast. Figure 31 is a schematic
plan view of the liquid crystal display device, and Figure 32 is a cross-sectional view taken along the E-E’ line in
Figure 31.

A pixel electrode (transparent electrode) 520 provided on each pixsl, an alignment fim 5§10, and a thin fim tran-
sistor 513 driving the pixal electrode 520 are provided on cne glass substrate 522 of the liquid crystal display
device. A counter electrods (transparent electrode) 519 and an alignment film 509 are provided on the other glass
substrate 521. The alignment films 509 and 510 are made of polyimide. A pixe! B defined by the opposing trans-
parent electrodes 519 and 520 is a square of 200 um, for example, and a plurality of pixels B are aranged in a
matrix. A band-shaped spacer 523 made of polyimide is provided in a center portion of the pixel electrodes 5§20, as
a result of which each pixel B is divided into regions | and ll by the band-shaped spacer 523.

The regions | and Il are formed as schematically shown in Figure 33. The glass substrates 521 and 522 are
respectively subjected to a rubbing treatment in the arrow directions as shown in Figure 33. In the past, in the ¢case
of providing the regions | with an alignment regulating force, the substrate 521 is subjected to a rubbing treatment
with the regions Il covered with a resist. Simiarly, in the case of providing the regions Il with an alignment regulating
torce, the substrate 521 is subjected to a rubbing treatment with the regions | covered writh a resist.

According to the above technique, the alignment directions of liquid crystal molecules in the respective regions
have the same spiral-type twist direction but form different angles with respect to the surface of the substrates. Due
to the difference in angle with respect to the surtace of the substrates, the liquid crystal molecules rise in different
directions under the application of a voltage. Therefore, in the case where light is incident upon the substrate in a
direction tited from a direction normal to the substrate, the optical characteristics of the respective regions com-
pensate for each cother. As a result, the viewing angle dependence under the gpplication of a voltage is cancelled
in the regions having different orientations in each pixe! between the substrates. Thus, optical characteristics with
less viewing angle dependence are obiained. In particular, even when a viewing angle is varied in gray scales,
there will be no phenomenon of gray-scale inversion.

(7) As a technique for making an alignment direction of an alignment film different, Japanese Laid-open Publication
Nos. 7-199193 and 7-333612 disclose a technique for forming unevenness having a tilt in each pixel, thereby mak-
ing the direction in which biquid crystal molecules are tited different depending upon the region in each pixel.
According to this technique, a pretilt angle is varied on a regional basis due to the different tilt directions in each
pixel, thereby making the direction in which the bquid crystal molecules are tilted different Thus, the viewing angle
characteristics of a liquid crystal display device are improved. Japanese Laid-open Publication No. 7-199193 also
discloses a homeotrapic biquid crystal display device which uses an n-type (Ae < 0) liquid crystal material and a
homeotropic alignment film, and in which liquid crystal molecules are aligned in a direction vertical to substrates
when no voltage is being applied and tited in a direction horizontal to the substrates under the application of a volt-
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(8) Furthermore, Japanese Laid-open publication No. 6-301036 has proposed a fiquid crystal display device having
wide viewing angle characteristics and being capable of obtaining satisfactory display quality. Figure 34 is a per-
spective view showing an external appearance of the liquid crystal display device, and Figure 35 is a schematic
cross-sectional view thereof. The liquid crystal display device indudes a liquid crystal layer 612 having vertically
aligned liquid crystal molecudes 612A between a pair of electrode substrates. Pixel electrodes 611 are provided on
one substrate 610, and counter electrodes 613 are provided on the other substrate (not shown). Each counter elec-
trode 613 has openings 614 comesponding to central portions of each phxel.

The liquid crystal molecules 612A in a region of a liquid crystal layer corresponding to the opening 614 are sta-
big, being vertically aligned under the appication of a driving voltage. The liquid crystal molecules 612A on the
periphery of the region commesponding to the opening 814 are also stable in alignment dus to the interaction with
the iquid crystal molecules 612A in the region coespanding to the cpening 614. As aresult, the liquid crystal mol-
ecules 612A in each pixe! are aligned so as to face the central portion of the pixe! corresponding to the opening
614. Thus, if the opening 614 of each pixel is provided at the identical position (e.g., a central portion of each pixel),
the liquid crystal molecules are aligned similarly in each pixel. Because of this, even if a disciination line is similarly
generated in each pixel, roughness of a display can be prevented. In Figure 35, the reference numerals 615 and
616 denote gate bus lines, and 6§17 and 618 dencte homeotropic alignmant fims.

Liquid crystal display devices (e.g.. TFT-LCD) have been widely used as {lat displays. However, large TFT-
LCDs of a 20-inch or more diagonal screen, whose application for wall mounting has been expected, have not been
commercially available. In recent years, as a candidate for realizing a large display device, a plasma address LCD
(PALC) disclosed in Japanese Laid-cpen Publication No. 1-217388 has recgived attention.

Figure 36 shows a cross-sectional structure of a PALC. A PALC 700 includes a liquid crystal layer 702 between
& pair of substrates 701 and 711. A plurality of plasma chambers 713 are disposed between the subsirate 711 and
the liquid crystal layer 702. Each plasma chambsr 713 is defined by the substrate 711, a dielectric shest 716
opposing the substrate 711, anx partition walls 712 provided between the substrate 711 and the dielectric sheet
716. Gas (e.g., hefium, neon, etc.) sealed in the plasma chamber 743 Is lonized by applying a voltage across an
anode 714 and a cathode 715 formed on the surface of the substrate 711 in the plasma charrber 713, whereby
plasma discharge occurs.

Aplurality of plasma chambsrs 713 extend in the shape of stripes in a direction vertical to the drawing surface
of Figure 36 in such a manner as to be orthogonal to transparent electrodes 708 provided on the surface of the sub-
strate 701 on the liquid crystal layer 702 side. Compared with a simple matrix type liquid crystal display device, the
transparent electrodes 705 comespond to display electrodes (signal electrodes) and the plasma chambars 718 cor-
raspond to scanning electrodes. The substrate 711, the dielectric shest 718, the plasma chambers 713, etc. are
collecively calied a plasma substrate 710.

Referring to Figure 37, the basic principle of the PALC 700 will be described. The plasma chambers 713 are
successively tumed on, and the gas in the selected plasma chamber 713 is ionized. As shown in Figure 37, under
the condition that the plasma chamber 713 is ionized, a charge, in accordance with a voltage suppfied from the sig-
nal lines to the transparent electrodes 705, is accumulated and held on a reverse surface of the dielectric sheet 716
on the plasma chamber 713 side. Thus, a signal voltage supplied from tha signal fines is applied to a region of the
Equid crystal layer 702 positioned above the ionized plasma chamber 743. When the plasma chamber 713 is not
ionized, the charge is not supplied to the reverse surface of the diglectric sheet 716. Therefore, the signal voltage
is not supplied to the region of the liquid crystal layer 702 positioned above the plasma chamber 713. Thus, the
plasma chambers 713 tunction as scanning electrodes in a simple matrix type fiquid crystal display device.

As a technigue for producing a dieplay with a large screen, Japanese Laid-open Publication No. 4-265931 dis-
closes a technique of forming a plasma chamber structure on a glass substrate by a printing method using glass
paste.

Japanese Laid-open Publication No. 4-313788 discloses a structure in which transparent electrodes are pat-
terned in & direction of plasma chambers. In this structure, even when a thick dielectric sheet is interposed between
plasma chambers and a Equid crystal layer for the purpose of enhancing the strength of the dielectric sheet, charge
is prevented from digpersing on the liquid crystal layer side to cause beeding of a display.

The above-described techniques have respective problems. Hereinafter, these problems will be described.

In the conventional liquid crystal display device in an ASM mode, a liquid crystal material with a positive dielectric
anisotropy Az is used. in this dispiay mode, as described above, liquid crystal molecules are axis-symmetrically aligned,
s0 that outstanding display characteristics are obtained in an omnidirection. However, this liquid crystal display device
has the following prebiems (1) to (4): (1) since this display mode is a normally white (NW) modae, a relatively high driving
voltage is required for decreasing the light transmittance under the application of a voltage 0 as to obtain a high con-
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trast; (2) in order to prevent light leakage when no voltage is being applied, it is required to prescribe an area of each
light-blocking portion (e.g.. a black matrix (BM)) to be large; (3) the fiquid crystal display device in an ASM mode Is dif-
ficult to produce, because a phase separation step requiring complicated temperature control is used for forming an
ASM mode; and (4) since the Equid crystal display device In an ASM mode is difficult to producs, it is difticult to contol
the position of each central axis around which liquid crystal molecules are symmetrically afigned, the position of the
central axis is varied depending upon the pixel, and the central axis is not positoned almost at the center of the pixel
region; as a result, when tha liquid crystal display device is observed in an oblique direction, a rough display with unsat-
istactory quality is obtained

Furthermore, in the liquid crystal display devices using a liquid crystal material with a positive dielectric anisotropy
Ae as described in the above-mentioned (6) and (7), alignment directions of the iquid crystal molecules on the division
lines become discontinuous under the application of a voltage, i.e. disclination lings are generated. causing the
decrease in contrast ratio. Furthermore, in this liquid crystal display device, in order to produce a plurality of divided
regions, a resist is coated onto an afignment film, followed by rubbing on a region basis. According to this method, the
abgnment fim is exposed to a resist material, a developing solution, a release agent, etc. Therefore, ions contained in
the resigt, the developing solution, the release agent, etc., remain on the alignment fim after the resist is peeled off. The
remaining ions may have an adverse effect on the display characteristics by moving during the operation of the liquid
crystal display device to deteriorate the charge-holding characteristics of the Equid crystal material and to cause a phe-
nomenon such 8s an image burn-in. Furthermore, depending upon the kinds of the alignment film and the resist to bs
combined, the alignment fim is damaged to lose an alignment regulating force. Thus, such a liquid crystal display
device is low both in production efficiency and production stability.

Furthermore, in the liquid crystal display device described in the above (8), the liquid crystal molecules are axis-
symmetrically aigned only in the apsning of the counter electrode. More spedifically, the fiquid crystal molecules on the
periphery of the pixel away from the cpening are not axis-symmetrically aligned. Thus, the liquid crystal motecules are
randomly aligned, which may cause a rough display. Furthermore, the positions or skzes of liquid crystal domains
(regions where the alignment direction of the liquid crystal molecules are continuous, and disclination ines are not gen-
erated) are not delined, 50 that disclination lines cannot be prevented from being generated in pixels, particularly, caus-
ing a rough display in gray scales.

The PALC has the following problems. The PALC mainly uses a TN mode. When a TN mode in which display quality
depends upon a viewing angle is applied to a display device with a large ecreen, even when an obsaerver's position is
fixed, the viewing angle (8 and b) is varied depenging upon the position of a display screen to be observed, as shown
in Figure 38. Therefore, the display quality becomes unsatistactory in the display screen.

In the case of the PALC in a TN mods, considering the viewing angle dependence of the TN mode, polarization
axes of polarizing ptates are set at 45° from a crosswise direction on the display surface, thereby adjusting the sideward
viewing angle characteristics seen by an observer in a satistactory direction. In this case, at a portion such as an attach-
ment surface between the plasma substrate and the thin glass sheet where the difference in refractive index is present,
an attachment portion becomes visible dus to the birefringence and the difference in refractive index of polarized light
on the attachment surface, whereby light leakage, which is critical to a display, occurs in a crosswise direction.

The PALC uses a display mode using p-type iquid crystal material, such as a NW mode and a TN mode. In the
PALCs in these display modes, a sufficient contrast ratio cannot be obtained. This is caused by the nonuniform voltage
(electric field) apptlied to the fiquid crystal layer due to the nonuniform plasma charge. In the NW mode using p-type liq-
uid crystal (Ae > 0), particularly, a black level under the application of a voltage is decreased, resulting in a great
decrease in contrast ratio.

SUMMARY OF THE INVENTION

A liquid crystal display device of the present invention includes a pair of substrates and a fiquid crystal layer pro-
vided between the substrates, wherein liquid crystal molecules in the liquid crystal layer have a negative dielactric ani-
sotropy, and the liquid crystal molecules are aligned in a direction substantially vertical to the substrates when no
voltagae is being applied and axis-symmstrically afigned in each of a plurality of pixel regions under application of a voit-
age.

In one embodiment of the present invention, a thidmess (d;,) of the liquid crystal layer in the pixel region is larger
than a thickness (dy, ) of the liquid crystal layer outside of the pixel region, and the device includes a homeotropic align-
ment layer in & region corresponding to the pixe! region on a surface of at least one of the substrates on the liquid crystal
layer side.

In another embodiment of the present invention, at Isast one of the substrates has convex portions defining the
pixe! region on a surface on the fiquid crystal layer side.

In another embodiment of the present invention, the thickness of the liquid crystal layer in the pixel region is largest
at a central portion of the pixel region and continuously decreases toward a peripheral portion of the pixel region.
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In ancther embodiment of the present invention, the thidkness of the liquid crystal layer in the pixel region is axs-
symmetrically changed around the central portion of the pixef region.

In another entbodiment of the present invention, the above-mentioned liquid crystal display device further includes
a projection at the centra! portion of the pixe! region, wherein the liquid crystal mo!ecutes are axis-symmetrically aligned
arcund the projection under the application of a voitage.

In another embodiment of the present invention, a retardation d - An of the Equid crystal layer is in a range of about
300 nm to about 500 nm.

In another embodiment of the present invention, a twist angle of the liquld crystal tayer is In a range of about 45° to
about 110°.

In ancther embodiment of the presem invention, the above-mentioned liquid crystal display device inctudes a pair
of polarizing platas disposed in arossed Nicols on both sides of the liquid crystal layer, and a phase difference plate hav-
ing a relationship, in which a refractive index ny, in an in-plane direction is greater than a refractive index ny in a direc-
tion vertical to a plane, Is provided on at least one of the polarizing plates.

In another embodiment of the present irwention, an axis-symmetrical alignmant fixing layer which provides the fiq-
uid crystal molecules with an axis-symmetrical pretift angle is further formed on a surface of at least one of the sub-
strates on the liquid crystal layer side.

In another embodiment of the presen invention, the axis-symmetrical alignment tixing layer contains a photocura-
ble resin.

A method for preducing a liquid crystal display devica of the present invention includes the steps of: forming a
homeotropic alignment layer on a palir of substrates, respectively; disposing a mixture containing a liquid crystal mate-
rial having a negative dielectric anisotropy and a photocurable resin between the homeotropic alignment layers on the
subsirates; and curing the photocurable resin while applying & voltage higher than a threshotd voltage of the liquid crys-
tal material to the mixiure, so as to form an axis-symmetrical alignment fixing layer providing the liquid crystal molecules
with an axis-symmetrical pretilt angle.

In one embediment of the present invention, the above-mentioned method further inctudes the step of forming con-
vex portions defining pixel regions on a surface of at least one o1 the substrates before the step of forming the homeo-
tropic alignment layers on the substrates.

A liquid crystal display device of the present invention induties: a plasma substrate having plasma chambers for
performing plasma discharge; a counter substrate having signal electrodes; and a liquid crystal layer provided between
the plasma substrate and the counter substrate, the device being driven by the signal electrodes and the plasma cham-
bers, wherein liquid crystal motecules in the liquid crystal layer have a negative dielectric anisotropy, and the liquid crys-
ta) molecutes are aligned in a direction substantially vertical to the substrates when no voltage is being applied and axis-
symmetrically aligned in each of a plurality of pixel regions under application of a voltage.

In one embodiment of the present invention, a thickness (dy,) of the liquid crystal layer in the pixel region is larger
than a thickness (d,,,) of the liquid crystal layer outside of the pixel region, and the device includes a homeotropic align-
ment layer in a region corresponding to the pixel regicn on a surface of at least one of the substrates on the liquid crystal
layer side.

In another embodiment of the present invention, at least one of the counter substrate and the plasma substrate has
convex portions defining the pixel region on a surface on the liquid crystal layer side.

In ancther embodiment of the present invention, the thickness of the liquid crystal layer in the pixel region is largest
at a central portion of the pixel region and continuously decreases toward a peripheral porticn of the pixel region.

In another embodiment of the present invention, the thickness of the liquid crystal layer in the pixel region is axis-
symmetrically changed around the central portion of the pixe! region.

in another embodiment of the present invention, the above-mentioned liquid crystal display device includes a pair
of polarizing plates disposed in crossed-Nico!ls on both sides of the liquid crystal layer, a polarization axis of one of the
polarizing plates being paralle! to an extending direction of the signal electrodes or the plasma chambers.

In another embodiment of the present iwvention, an axis-symmetrical alignment fixing layer which provides the liq-
uid crystal molecules with an axis-symmetrical pretilt angle is further formed on a surface of at least one of the plasma
subsirate and the counter substrate on the liquid crystal layer side.

In another embediment of the present invention, the axis-symmetrical alignment fixing layer contains a photocura-
ble resin.

A liquid crystal display device of the present invention includes: a pair of substrates and a fiquid crystal layer pro-
vided between the substrates, wherein Equid crystal molecules in the liquid crystal layer have a negative dislectric ani-
sotropy, and the liquid crystal molecules are aligned in a direction substantially vertical to the substrates when no
driving voftage is being applied and axis-symmetrically aligned around an axis-symmetrical afignment central axis in
each of a plurality of pixel regions under application of a driving voitage, and corwex portions defining the pixel region
are provided on a surtace of at least one of the substrates on the liquid crystal layer side, and a treatment for controlling
a position of the axis-symmetrical alignment central axis is conducted.
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In cne embodiment of the present invention, the above-mentioned liquid crystal display device includes a region in
which the liquid crystal molecules keep a homeotropic alignment state under application of an axis-symmetrical align-
ment central axis torming voitage at each predetermined position in the pluralily of pixel regions.

In another embodiment of the present invention, Sa is an area ¢f the region in which the liquid crystal molecules
keep a homeotropic alignment state under the application of the axis-symmetrical alignment central axis forming voit-
age, A Is an area of the pixel region, and Sa/A satisfies the relationship 0 < Sa&/A < 4% .

In another embodiment of the present invention, the above-mentioned liquid crystal display device includes an axs-
symmetrical alignment central axis forming portion at a predetermined position in each of the plurality of pixel regions,
and the axis-symmetrical alignment central axis of the liquid crystal molecules is tormed corresponding to the axs-sym-
metrical alignment central axis forming portion.

In another embodiment of the present invention, Sb is an area of the axis-symmstrical alignment central axis form-
ing portion, A is an area of the pixel region, and Sb/A satisfies the refationship 0 < Sb/A < 4%.

In another embodiment of the present invention, a thickness of the liquid crystal layer in the pixel region is larger
than a thidess of the liquid crystal layer cutside of the pixe! region.

In another embodiment of the present Invention, the thickness of the liquid crystal layer in the pixel region is largest
at a central portion of the pixel region and continuously decreases from the central portion to a peripheral portion of the
pixel region.

In another embodiment of the present invention, the thickness of the liquid crystal layer in the pixe! region is axis-
symmetrically changed around the central portion of the pixel region. _

In another embodiment of the present invention, an axis-symmetrical alignment fixing layer is provided on a surface
of at least one of the substrates on the liquid crystal layer eide.

In ancther embodiment of the present invention, the axis-symmetrical alignment fixing layer contains a photocura-
ble resin.

A method for producing a Equid crystal display device is provided. The device includes a pair of substrates and a
liquid crystal layer provided betwesn the substrates, liquid crystal molecules in the liquid crystal layer having a negative
dielectric anisotropy, the quid crystal molecules being aligned in a direction substantially vertical to the substrates
when no driving woltage is being applied and being axs-symmetrically aligned around an axis-symmetrical alignment
central axis in each of a plurality of pixel regions under application of a driving voltage. The method includes the step of
performing an axis-symmetrical alignment central axis forming process.

In one embodiment of the present invention, the axis-symmetrical alignment central axis forming process includes
the steps of: disposing a precursor mixture containing a liquid crystal material and a photocurable material between the
substrates; and curing the photocurable material while applying an axis-symmetrical alignment central axis forming
voltage to the precursor mixture.

In ancther embodiment of the present invention, the axis-symmetrical alignment central axis forming voltage is 1/2
ot more of a threshold voltage of the liquid crystal material.

In another embodiment of the present invention, the axis-symmetrical alignment central axis forming voltage is an
AC woltage.

In ancther embodiment of the present invention, a frequency of the AC voitage is 1 Hz or more.

Thus, the invention described herein makes possible the advantages of (1) providing a liquid crystal display device
including a liquid crystal region in which liquid crystal molecules are axis-symmetrically aligned in each pixel region,
having cutstanding viewing angle characteristics in an omnifirection and a high contrast without roughness; (2) provid-
ing a plasma address LCD having outstanding viewing angle characteristice and a high contrast; and (3) providing &
method for producing the liquid crystal display devices as described above with ease.

These and other advantages of the present invention will become apparent to those skifled in the art upon reading
and understanding the following detailed description with reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A through 1D are schematic views illustrating the operation principle of a liquid crystal display device in
an embodiment of the present invention.

Figure 2 Is a graph showing a voltage-transmittance curve of the liquid crystal display device shown in Figures 1A
through 1D.

Figures 3A through 3D are schematic views illustrating the relationship between the position of a central axis of an
axis-symmetrically aligned region and the display quality.

Figures 4A and 4B are schematic views ilustrating a thickness di,(x) of a liquid crystal layer of the liquid crystal
display device in a embodiment of the present invention.

Figures 5A through 5C are schematic cross-cectional views iflustrating a pixe! region in the fiquid crystal display
device in the embodiment of the present invention.
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Figure 6 is a graph showing a voltage-transmittance curve of a liquid crystal display device including a iquid crystal
layer withd - An = 450 nm .

Figure 7 is a schematic cross-sectional view illustrating an embodiment of a PALC of the present invention.

Figure 8A is a radar chart showing viewing angle characteristics of a liquid crystal display device in & TN mode, and
Figwe 8B is a schematic view illustrating the arrangement of polarizing plates in the liquid crystal display device in a
TN mode.

Figure 9 is a radar chart showing viswing angle characteristics of a PALC of the present invention.

Figures 10A through 10D are schematic views illustrating the basic structure and operation principle of a liquid
crystal display device in ancther embodiment of the present invention.

Figure 11A is a schematic view showing a state of an electric field distribution when a voltage is applied to the liquid
crystal displtay device in the embodimen of the present invention, and Figure 11B is a schemaltic view showing an align-
ment state of liquid crystal molecules when a voltage is appiied to the liquid crystal display device shown in Figure 11A.

Figure 12A is a schematic partial cross-6ectional view of a substrate used in a iquid crystal display device in Exam-
ple 1 of the present invention, and Figure 12B is a plan view thereof.

Figure 13 Is a graph showing alectro-optic characteristics of the liquid crystal display device in Example 1 of the
present invention.

Figure 14 is a radar chart showing viewing angle characteristics of the liquid crystal display device in Example 1 of
the present invention.

Figure 15 is a schematic partial cross-sectional view of a substrate used in a liquid crystal display device in Exam-
ple 2 of the present invention.

Figure 16 is a radar chart showing viewing angle characteristics of a iquid cryetal display device in Example 7 of
the present invention.

Figure 17 is a schematic partial cross-sectional view of a liquid crystal display device in Exampie 8 of the present
invention.

Figure 18 is a schematic partial cross-sectional view of a substrate used in the liquid crystal display device in Exam-
ple 8 of the present invention.

Figure 19A is a schematic partial croes-6ectional view of a substrate used in 8 PALC in Example 11 of the present
invention, and Figure 19B is a plan view thereol.

Figure 20 is a schematic partial cross-sectional view of a PALC in Example 12 of the present invention.

Figure 21 is a schematic partial cross-sectional view of a substrate used in the PALC in Example 12 of the present
invention.

Figure 22A is a schematic partial cross-sectional view of a bquad crystal display device in Example 13 of the present
invention, and Figure 22B is a plan view of one pixel therein.

Figure 23 is a schematic view showing results obtained by observing pixels of a liquid crystal cell produced in
Example 13 of the present invention with a polarizing microscope in crossed-Nicols.

Figure 24 is a radar chart showing viewing angle characteristics of the liquid crystal display device in Example 13
of the present invention.

Figure 25A is a schematic partial cross-eectional view of a bquid crystal display device in Example 14 of the present
invention, and Figure 258 is a plan view of cne pixel therein.

Figure 26 is a schematic partial cross-sectional view of a liquid crystal display device in Example 16 of the present
invention.

Figure 27 is a radar chart showing viewing angle characteristics of a liquid crystal display device in Example 18 of
the present invention.

Figure 28 is a radar chart showing viewing angle characteristics of a liquid crystal display device in Example 19 of
the present invention.

Figure 29 is & schematic partial cross-sectional view of a liquid crystal display device in Comparative Example 10.

Figures 30A and 30B are schematic views illustrating viewing angle dependence of a conventional biquid crystal
display device.

Figure 31 is a schematic plan view of a conventional liquid crystal display device in a wide viewing angle mode. -

Figure 32 is a cross-sectional view taken along the E-E’ line in Figure 31.

Figure 33 is a schematic view illustrating a method for producing the conventional liquid crystal digplay device
shown in Figure 31.

Figure 34 is a schematic view fllustrating the operation principle of a conventional liquid crysta! display device in a
wide viewing angle mode.

Figure 38 is a schematic cross-sectional view of the conventional liquid crystal display device in a wide viewing
angle mode.

Figure 36 is a schematic cross-eectional view of a conventional PALC.

Figure 37 is a schematic view illustrating the operation principle of the conventional PALC.
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Figure 38 is a schematic view dlustrating the difference in viewing angle in a large display device.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

Hereinafter, preferred embodiments of the present invention will be desaribed with reference to the drawings. i
should be noted that the present invention Iis not limited thereto.

Embodiment 1
Baslc operation

Reterring to Figures 1A through 1D, the operation principle of a liquid crystal display device 160 in an embodiment
of the present invention will be described. Figure 1A is a schematic cross-sectional view of the liquid crystal display
device 100 when no voitage is being applied, and Figure 1C is a schematic cross-sectional view thereof under the app!i-
cation of a voltage. Figure 1B shows results obtained by observing the upper surface of the liquid crystal display device
100 when no voltage is being applied with a polarizing microscope in crossed-Nicols, and Figure 1D shows results
obtained by observing the upper surface of the liquid crystal display device 169 under the application of a voitage with
a polarizing microscope in crossed-Nicols.

The fiquid arystal display device 103 includes a Equid crystal layer 40 containing an n-type liquid crystal material
(liquid crystal molecules) 42 with a negative dielectric anisotropy Ae between a pair of substrates 32 and 34. Homeo-
tropic alignment layers 382 and 38b are provided on the surfaces of the substrates 32 and 34 in contact with the liquid
crystal layer 40. Convex portions 36 are formsd on the surface of at Iaast one of the substrates 32 and 34 on the liquid
crystal layer 40 side. Because of the convex portions 36, the liquid crystal layer 40 has two difterent thicknesses dg,
and dy,. Consequently, a iquid crystal region exhibiting axis-symmetrical alignment under the application of a voltage
is defined as a region surrounded by the convex portions 368, as described later. b Figures 1A through 1D, electrodes

_ for applying a voitage to the liquid crystal layer 40 formed on the substrates 32 and 34 are omitted.

As shown in Figure 1A, the liquid crystal molecules 42 are aligned by an alignment regulating force of the homeo-
tropic afignment layers 38a and 38b in a dirsction vertical to the substrates 32 and 34 when no voltage is being applied.
When pixsl regions are observed when no voltage is being applied with a polarizing microscope in crossed-Nicols, a
black{ield of view (normally black mode) is exhibited as shown In Figure 1B. Upon the application of a voltage, the liquid
crystal molecules 42 having a negative dielectric anisotropy A« are provided with a force which aligns the major axes of
the fiquid crystal molecules 42 in a direction vertical to the electric field direction. Therefore, the liquid crystal molecutes
42 are tilted from a direction vertical to the substrates 32 and 34 (gray-ecale display state), as shown in Figure 1C.
When the pixel regions in this state are observed with a polarizing microscope in crossed-Nicols, extinction patterns are
observed in the directions of polarization axes as shown in Figuwe 1D.

Figure 2 shows a voltage-transmittance curve of the liquid crystal display device 100 of the present invention. The
abscissa axis represents a voltage applied to the liquid crystal layer 40, and the ordinate axis represents a relative
transmittance. When a voltage is increased from a normally black state when no voltage is being applied, the transmit-
tance gradually increases. A voltage at which the relative transmittance with respect to a saturated transmittance
becomes 109 is referred to as Vi, (threshold voltage). When the voltage is further increased, the transmittance further
increases to reach saturation. A voltage at which the transmittance is saturated is referred to as Vg, (saturation voltage).
In the case where a voltage applied to the liquid crystal layer 40 is between 1/2 Yy, and Vg, the transmittance reversibly
changes in the operation range shown in Figure 2. Under the application of a voltage in the vicinity of 1/2 Vy,, the iquid
crystal molecules are aligned In a direction aimost vertical to the substrates, while remembering the symmetry with
respect to central axes in axis-symmetrical alignment. Thus, when a voltage axceeding 1/2 V,,, is applied, it is consid-
ered that the liquid crystal molecules reversibly return to the remembered” axis-symmetrical alignment state. However,
when a voitage to be applied becomes lower than 1/2 Vy,, the liquid crystal molecules are afigned in a direction almost
vertical to the substrates without remembering the symmetry with respect to the centra) axes in the axs-symmetrical
afignment. Thus, even when a voltage exceeding 1/2 Vy, is applied again, the direction in which the liquid crystal mot-
ecules are tilted Is not uniquely determined. Therefore, due to the presance of a plurality of central axes in axis-sym-
metrical alignment, the transmittance does not becoms stable. More specifically, a plurality of central axes are once
formed in the regions defined by the convex portions 38 (i.e., pixe! regions). For eample, at a stage where an n-type
liquid crystal material is injected into a bquid crystal cell, the liquid crystal molecules behave in the same way as in the
case of an applied voltage of less than 1/2 V.

Thus, the display mode in the present embodiment becomes practically usehd by applying a voltage realizing axis-
symmetrical alignment in the initial display, and using the device in the range of a voltage at which the alignment is sta-
ble after the commencement of the display.
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Convex portions defining pixel regions

As shown in Figure 1A, the liquid crystal display device 100 of the present invention has convex portions 36 so as
to surround the pixe! regions. In the case where the thickness (cell gap) of the liquid crystal layer 40 is uniform without
convex portions 36, the positions and sizes of liquid crystal domains (continuously aligned regions: regions with no dis-
clination lines) are not defined. Therefore, the liquid crystal molecules are aligned in a random direction, resulting in a
rough display in gray scales.

According to the present invention, the convex portions 36 define the positions and sizes of the liquid crystal
regions exhibiting axis-symmetrical alignment. The convex portions 36 are formed for the purpose of contrclling the
thickness of the liquid crystal layer 40 and weakening the interaction of the liquid crystal molecules between the pixel
regions. Regarding the thickness of the liquid crystal layer 40, it is preferable that the thickness dg,, of the liquid crystal
layer 40 on the periphery of the pixet region is smatler than the thickness dy, of the liquid crystal layer 40 in the pixe!
region (opening portion), Le., di, > dgyy, and the relationship 0.2xd,, < d, < 0.8xd, is satistied. More specifically,
in the case of 0.2xdy, » dg,,, the effect of weakening the interaction of the liquid crystal molecules between the pixe!
regions by the convex portions 38 is not sufficient, and it may be difficult to form a single axis-symmetrically aligned
regionin each pixel region. Furthermore, in the case of dg,y > 0.8xd;,, it may be difficult to inject a liquid crystal material
into a liquid crystal cefl.

kt is noted that a “pixel” is generally defined as the minimum unit for performing a display. The term “pixe! region”
used herein refers to a partial region of a display device corresponding to the "pixef”™. In the case of pixels having a large
aspect ratio (i.e., long pixels), a plurality of pixe! regions may be formed with respect to one long pixel. The number of
pixel regions formed corresponding to pixels is preferably as emall as possible, as long as the axis-symmetrica! atign-
mantis stably formed. The term “axis-symmetrical alignment” refers to, for example, radial alignment, tangential align-
ment, etc.

Control of positions of central axes In axis-symmsatirical alignment

The positions of central axes in the axis-symmetrically aligned regions generated under the application of a voltage
have a great effect on display quality. Referring to Figures 3A through 3D, the relationship between the positions of cen-
tral axes and the display quality will be described. As shown in Figure 34, in the case where a central axis 44 is posi-
tioned at the center of each pixe! region, even when a display surface is cbserved with a cell tited, all the pixel regions
are cbserved in the same way as shown in Figure 3C. As shown in Figure 3B, in the case where the central axes 44
are positioned shifted away from the centers of the pixe! regions, the pixel regions with the shifted central axes are
observed in a different way from the other pbwl regions as shown in Figure 8D, which results in a rough display. This
problem becomes particularly remariabls in gray scales.

The positions of cenbral axes in axis-symmetrical alignment can be controlled by adjusting the thickness diy(x) of
the liquid crystal layer in the pixel regions. As shown in Figures 4A and 4B, the thickness dy,(x) of the liquid crystal layer
is continuously changed so that the thickness d;, (x = 0) of the liquid crystal layer becomes maximum and the thickness
din (x = r) becomes minimum, where x = 0 at the center of the pixel region, and x = r at one end ¢f the pixel region. it is
preferable that the differential coefticient of dy,(x) is always negative and continucus from x = 0 to x = r. In view of the
symmetry of the viewing angle characteristics, it is preferable that the thickness of the liquid crystal layer is as symmet-
ric as possible with respect to the center of each pixel region.

The axis-symmetrical alignment is formed with good reproducibility by controfling the thickness of the liquid crystal
layer as described above. This mechanism will be described with reference to Figures 5A through 5C. Figures SA
through 5C are schematic cross-sectionat views lllustrating a pixel region of the liquid crystal display device of the
present invention.

As shown in Figure 5A, a display electrede 52 is formed in a pixel region on the surface of one substrate 32, and a
homeotropic alignment layer 58a is formed s0 as to cover the display electrode 52. The homeotropic alignment layer
£8a has a cross-section in which the thiclaness dy,, of the liquid crystal layer 40 changes as shown in Figures 4A and
4B. The changes in the thickness d; of the homeotropic alignment layer 58a with respect (o & position x is opposite to
the changes in the thickness of the liquid crystal layer 40. Therefore, it is preferable that the differential coeflicient of
di(x) of the homeotropic alignment layer §8a is positive. A counter electrode 54 is tormed on the surface of the other
substrate 34 on the quid crystal layer 40 side, and a homeotropic alignment layer 58b is formed so as to cover the
counter electrode 54. The homeotrapic alignment layer 58b has a flat cross-section.

Liquid crystal molecules 42 in the vicinity of the homeotropic afignment layer 58a are afigned in a direction vertical
1o the surtace of the homeotropic alignment layer 58a, so that they are tited from the substrate surtace. Thus, when a
voltage is applied across the electrodes 52 and 54, the major axes of the liquid crystal molecutes 42 becoms tilted from
an electrical field direction E. As a result, the liquid crystal molecules 42 are tilted by the electrical field E only in direc-
tions represented by arrows in Figure SA. A tit angle 6’ of the liquid crystal molecule from a direction normal to the sub-
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strate surface preferably satisfies the relationship 0 <0’ < 3°. When @ exceeds about 3°, there is a large possibility that
a phase difference may be caused by the fiquid crystal molecules and light may leak to decrease the contrast ratio.

As described above, the cross-cectional shape (thickness) of the homeotropic alignment layer is changed to vary
the thidkness of the liquid crystal layer 40 as described with reference to Figures 4A and 4B, whereby the positions of
central axes in axis-symmaetrical alignment can be controlled, and the axis-symmetrical afignment can be realized with
gocd reproducibility.

in the example shown in Figure 5A, although the thicdmess of the liquid crystal layer 40 is controlled by the cross-
sectonal shape of the homeotropic afignment layer 58a, the method for controlling the thickness of the liquid crystal dis-
play device 40 is not limited thereto. For example, as shown in Figure 5B, a sofid dielectric layer 9 having a deslred
cross-section may be separately formed, and the homeotropic alignment layer 58a having a uniform thickness may be
tormed thereon. The solid dielectric lryer 59 can be formad by using a conventionally used overcoat agent, more spe-
citically, an epoxy-type coating agent, an epaxyacrylate-type coating agent, and the fke. In the present embodiment,
the thickness of the thickest portion of the solld dielectric layer 53 is, for example, in the range of 500 to 10000 nm, and
the thickness of the thinnest portion is, for eample, in the range of 0 to 5000 nm.

In the case where the thickness of the liquid crystal layer 40 is controlled by using the solid dielectric layer 59, the
solid dielectric layer 59 is prefesably formed on the display electrode 52. As shown in Figure 5C, when the display elec-
trode 52 is formed on the solid dielectric layer §9, the electric field direction E is tilted from the substrate surface, so that
in most cases, the direction in which the liquid crystal moleculss are tilted is not uniquely determined.

Liquid crystal materiz)

The liquid crystal material used in the present invention is of an n-type which has & negative dielectric anisotropy
{Ae < 0). The absolute value of Ac can be appropriately determined depending upon the purpose. in general, consider-
ing that a driving voitage is decreased. the absolute value is preferably large.

Retardation d - An under the application of a voltage is an important tactor which influences critical device charac-
teristics such as transmittance and viewing angle characteristics of a device. In the display mode of the present inven-
tion, the retardation peculiar to a liquid crystal cell determined by the product of An peculiar to a liquid crystal material
and a thickness d of a liquid crystal layer is not necessarily defined to be an optimum value. According 10 the present
invention, the retardation at the maximum driving voliage to be used is important, which will be described below.

Figure & shows a voltage-transmittance curve of a liquid crystal display device having a retardation value larger
than the optimum retardation value (first minimum condition under which a transmittance becomes maxmum:
d - 4n = 450nm). In such a Equid crystal display device, it is not required to use a voltage at which a transmittance
axceeds the maximum point of a relative transmittance, and the device may be driven in a reglon where the relative
transmittance monotonously increases. More specifically, a voltage at which the relative transmittance becomes maxi-
mum may be set as the maximum driving voltage Vmay in Figure 6.

Regarding the range of retardation, a product d « An (retardation) of apparent An (anisotropy of a refractive index:
a valus atthe maximum driving voltage) of liquid crystal molecules when a liquid crystal cell Is produced and an average
thickness d of the liquid crystal layer is preferably in the range of about 300 nm to about 500 nm. There is a second
minimum condition (retardation: about 1060 nm to about 1400 nm) for the transmittance to become local maximum.
However, the second minimum condition is not preferable since the viewing angle characteristics when no voltage is
being applied decrease. Furthermore, the relationship between the level of an applied voltage ard the transmittance
becomes inverted depending upon the viewing angle, what is called, & gray-scale inversion (contrast inversion) phe-
nomenon occurs under the second minimum condition, which is not preferable.

The twist angle of the liquid crystal molecules in the Equid crystal layer is also an important factor determining the
transmittance of the liquid crystal display device. According to the present invention, the twist angle at the maximum
driving voltage is as important as the retardation. In principle, the transmittance of the liquid crystel display device
becomes maximum in the case where the twist angle is 80° and 270°. However, in the case of the twist angle of 270°,
itis difficult to stably produce axis-symmetrical alignment, so that the twist angle in the vicinity of 90° at which the trans-
mittance becomes maximum in the voltage-transmittance curve is preferable. The twist angte under the apptication ot
the maximum driving vottage is preferably in the range of about 45° to about 110°. According to the present invention,
since the n-type liquid crystal molecules are used, the apparent twist angle of the liquid crysta) molecules depends
upon a voltage. The twist angle when no voltage is being applied is almost 0°, and the twist angle intreases with the
increase in the applied voltage. When a sufficient voltage is applied, the twist angle approaches that peculiar to the lig-

The combination cf the twist angle and the retardation in the above-mentioned range under the application of the
maximum driving voltage is more preferable, because it allows the transmittance to approach the maximum valus more
effectively.

"
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Photocurable resin

As described above with reference Figure 2, it is preferable that a voltege of 1/2 Vi, or more is always applied to
the liquid crystal display device of the present invention. Hf a voltags is applied to liquid crystal molecues aligned in &
direction vertical to the substrates, the direction in which the liquid crystal molecules are tilted is not uniquely deter-
mined. As a result, a plurafity of certral axes are transiently formed. If a voltage is continued to be applied, a single cen-
tral axis is formed in each region defined by the convex portions, and this state is stably maintained as long as a voltage
of 172 Vg, or more s apptied.

An axis-eymmetrical alignment fbdng layer is formed by curing a photocurable resin mixed in a liquid crystal mate-
ria) under the application of a voltage of 172 Vi, or more for stabilizing axis-symmetrical alignment. The axis-symmetri-
cal afignment fixing layer is capable of stabifzing the axis-symmetrical alignment After the photocurable resin is cured,
a phurality of central axes are not formed even when a voitags of 1/2 Vy, or more is removed. Thus, the axis-symmetrical
alignment is formed with good reproducibility. The axis-symmetrical fixing layer will be described in detall later.

As the photocurable resin used in the present invention, an acrylate type resin, a methacrylate type resin, a styrene
type resin, and derivatives thereof can be used. By adding a photopolymerization initiator to these resins, the photocur-
able resin can be cured more efficiently. A thermosetting resin can also be used.

The adding amount of the curable resin (photocurable or thermosetting resin) is not particularty Emited in the
present invantion, with the optimum amount being variable depending upon the material. However, it is preferable that
tha content of the resin (% based on the total weight including the weight of the liquid crystal material) is about 0.1% to
about 5%. When the content Is less than about 0.19%, the axis-symmetrical alignment state cannot be stabilized by the
cured resin. When the content exceeds about 5%, the effect of the homeotropic alignment layer is reduced, o that the
licuid crystal molecules are afigned largely shifted from homsotropic alignment when no voltage is being applied. This
causes the light transmittance (light leakage) to increase, deteriorating the black state when no voitage is being applied.

Phase difference plate

In the case where a vertically aligned liquid crystal molecules are disposed between two polarizing plates whose
optical axes are orthogonal to each other, a satisfactory black state with a high contrast is obtained in the front surface
direction. However, when the device is observed from a different viewing angle, a contrast ratio is decreased due to light
leakags. depending upon (f) the viewing angle dependence of characteristics of the polarizing plates and (ii) the viewing
angle dependence of retardation of a liquid crystal layer (the retardation of the vertically aligned liquid crystal molecules
is changed depending upon the direction). This phenomenon occurs particularly in the 45° direction from the polariza-
tion axis (azimuth angle, i.e., intra-substrate angle). In order to prevent this phenomenon, it is effective to decrease the
retardation of the vertically aligned liquid crystal molecules. Alternatively, it is preferable that a phasae difference plate
having a negative uniaxial "Frisbee-type" refractive oval body is disposed between the liquid crystal cell and the polar-
izing plate. A biaxial phase diffarence fim having the relationship in which the refractive index n, ,, in an intra-display
surtace direction is greater than the refractive index n, in a direction vertical to a display surface may be used. it is pref-
emable that the phase difference of this phase difference plate is smaller than the retardation pecutiar to the liquid crystal
cell determined by the product of An peculiar to the liquid crystal material and a thickness d of the liquid crystal layer.
More preferably, the retardation peculiar to the iquid crystal cell is in the range of about 30% to about 80%. When the
retardation is less than about 30%, the etfect of the phase difference plate is small. When the retardation is more than
about 80%. staining becomes large in the wide viswing angle direction, which is not preferable.

Homeotropic alignment layer

As the homectropic alignment layer, any layers having the surface capable of vertically aligning liquid crystal mo!-
ecules may be used. The homeotropic alignment layer can ba made of an inorganic material or an organic material. For
example, polyimide-type materials (JALS-204, produced by Japan Synthetic Rubber Co., Ltd.; 1211, produced by Nis-
san Chemical Industries, Lid.), inorganic materials (EXP-OAG03; produced by Nissan Chemical Industries, Ltd.), and
tha like can be usad.

Embodiment 2

Tha present invention is also applicable to a PALC. Figure 7 is a schematic cross-sectional view cf a PALC 400 in
the present embodiment. The PALC 400 inciudes a counter substrate 120, a plasma substrate 110, and a liquid crystal
layer 102 disposed therebetwsen. The liquid crystal layer 102 is sealed with a sealant 106. The plasma substrate 110
includes a substrate 111, a dielectric sheet 116 opposing the substrate 111, and a plurality of plasma chambers 113
definad by partition walis 112 provided between the substrate 111 and the dielectric sheet 116. Tha plasma chambers
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113 cppose the liquid crystal layer 102 with the dielectric layer 116 disposed therebetween. Gas sealed in each plasma
chamber 113 is ionized by applying a voliage across an anode 114 and a cathode 115 formed on the suriace of the
substrate 111 on the plasma chamber 113 side, wheseby plasma discharge occurs. A plurality of chambers 113 extend
inthe shape of stripes In a direction vertical to the drawing surface of Figure 7 in such a manner as to be orthogonal to
transparent electrodes 105 formed an the surface of the counter substrate 120 on the bquid crystal layer 102 side. Inter-
sections of the plasma chambers 113 and ths transparent electrodes 105 define pixe! regions. Compared with a simple
matrix type liquid crystal display device, the transparent electrodes 108 on the counter substrate 120 correspond to dis-
play electrodes (signal electrodes), and the plasma chambers 113 correspond fo scanning electrodes.

Convex portions 132 in the shape of a lattice are formed on the counter substrate 120 on the liquid crystal layer 102
side €0 as to correspond to the non-pixe! regions. The corvex portions 132 allow axis-symmetrically afigned regions to
be formed s0 as to corespond to the pixel regions. Furthermore, homeotropic alignment layers 134a and 134D are pro-
vided on the surfaces of the plasma substrate 110 and the counter substrate 120 on the liquid crystal layer 102 side.

The basic operation, the convex portions defining the pixel regions, the control of the positions of central axes in
axis-symmetrical alignment, the liquid crystal material, the photocurable resin, the phase difference plate, and the
homeotropic alignment layer are basically the same as described in Embodiment 1. Theretfore, the detailed descriptions
thereof will be omitted here. The unique characteristics of the PALC will be described below.

In the case of the PALC according to the present inrvention, regarding Ae of the liquid crystal material, € is prefer-
ably as emall as possible bscause voitage can be easily applied to the liquid crystal layer. More spedtically, gy is pref-
erably in the range of 2.5 to 3.3. (Here, Ac Is defined as a difference between ey and €,. & is the component of the
dietectric constant parallel to the direction of orientation vector of the liquid crystal molecules, and ¢, Is the component
of the dislectric constant perpendicular thereto.)

Regarding the solid dielectric layer, a voltage to be applied to the liquid crystal layer 102 is divided betwesn the liq-
uid crystal layer 102 and the diglectric sheet 115 in accordance with the capacitance (see Figure 7). In genergl, in the
case cf the PALC, the thickness of the dielectric sheet 116 s larger than that of the liquid crystal layer 102, so thata
voltage applied to the liquid crystal layer 102 is smaller than that applied to the diglectric shest 116. Thus, the effoct of
the voitage drop caused by the formation of a solid dietectric tayer on the surface of the dielectric sheet 116 on the liquid
crystal layer 102 eide is relatively small, so that the formation of a solid dielectric layer with a thickness of about several
rm does not cause any practical problems.

Arrangement of polarizing piates

When thare is a difference in refractive index on an attachment aurface between the plasma substrate and the thin
glass sheet (i.e., the dielectric sheet), light leaks from the attachment surface due to the birefringence and the differ-
ence in refractive index with respact to polarized light, whareby the attachment portion becomes visble. This phenom-
enon becomes most cbvicus in the case where the angle between the polarization axes of the polarizing plates and the
surface having the difference in refractive index is 45°. In the case where this angle is 0° or 80°, this phenomenon
becomes minimum. In the case of a device In a TN mode, in order {0 widen the viewing angle in the sideward direction
as seen by an observer, considering ite viewing angle characteristice (Figure 8A), the potarizing plates are generally
disposed in such a manner that the polarization axes are tilted by 45° from the croasswise direction on the display sur-
face as shown in Figure 88. When the polarizing plates of the PALC in a TN mode are disposed in this way, since the
plasma chamber sbructure causing the difference in refractive index extends in the ordinate or abscissa direction of the
display surtace, the plasma chamber structure is easily visualized. However, the axis-symmetrical afignment mode (ver-
tical ASM mode) used In the present invention has viewing angle chamcteristics with high symmaetry, as shown in Figure
9; therefore, the polarization axes of the polarizing plates can be disposed In a crosswise direction of the display sur-
tace, whereby the plasma chamber structure can be made invisile. In this respect, there is an edvantage that the asdis-
symmgtrical alignment is applied to the PALC. i :

Embodiment 3
Baslc Structure and Oparation Principle

In the present embodiment, the case where concave portions or through-hales (hereinafter, referred to as axis-
symmstrical aignment central axis forming portions) for axis-symmatrically aligning liquid crystal molecules are pro-
vided at predetermined positions (preferably, substantially central portions of the pixe! regions) of electrodas on at least
ong substrate will be described.

Referring to Figures 10A through 10D, the basic structure and cperaton principle of a liquid crystal display device
103 in the present embodiment will be described. Figure 10A is a schematic cross-sectional view of the liquid crystal
display device 160 when no voitage is being applied, and Figure 10C is a schematic cross-sectional view thereof under
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the application of a voltage. Figure 10B shows results obtained by observing the upper surface of the liquid crystal dis-
play device 100 shown in Figure 10A with a palarizing microscope in crossed-Nicols, and Figure 10D shows resulis
cbtained by observing the upper surface of the liquid crystal display device 100 shown in Figure 10B with a polarizing
microsocpe in crossed-Nicols.

The liquid crystal display device 100 includes a liquid crystal layer 40 containing & liquid arystal material (liquid
crystal molecules) 42 with a negative dielectric anisotropy Ae between a pair of substrates 32 and 34. Transparent elec-
trodes 31 and S8 are provided on the surfaces of the substrates 32 and 34 on the liquid crystal layer 40 side, respec-
tively. Homeotropic alignment layers 38a and 38d are provided on the transparent electrodes 31 and 33, respectively.
Furthermore, an axds-symmetrical alignment centra) axis forming portion 35 is provided at a predetermined position
{preferably, a substantially certra! portion of each pixel region) of each of the electrodes (electrodes 31 in Figure 10A)
on at least one substrate. Convex portions 36 are formed on the surface of at least one of the substrates 32 and 34
(substrate 32 in Figure 10A) on the Equid crystal layer 40 side.

Because of the convex portions 36, the liquid crystal layer 40 has two different thicknesses dgyy and diy,. As a result,
upon the application of a voltage for forming axis-symmetrical alignment central axes (described later), liquid crystal
regions exhibiting axis-symmetrical alignment are defined by the convex portions 36. The formation of ths convex por-
tions 35 defines the positons and sizes of the liquid crystal regions aexhibiting axis-symmetrical alignment. The detail of
the convex portions 36 is as described in Embodiment 1. Furthermare, the position of each axis-symmetrical alignment
central axis is controlled by the axis-symmetrical alignment central axis torming portion 35. Thus, as shown in Figure
10C, the Equid crystal molecules 42 are axis-symmetrically aligned around an axis-symmetiical alignment central axis
44 formed In the axis-symmetrical alignment central axis forming portion 35 in the pixe! region defined by the convex
portions 38.

The lquid crystal molecules 42 are aligned in a direction vertical to the substrates 32 and 34 by an alignment reg-
ulating force of the homeotropic alignment layers 38z and 38b when no voliage is being applied as shown in Figure
10A. When the pixel regions are chserved with a polarizing microscope in crossed-Nicols when no voltage is being
applied, a dark field of view (normally black mode) is exhibited as shown in Figure 10B. Upon the application of a volt-
age, the liquid arystal molecules 42 having a negative dielectric anisotropy Ae are provided with a force which aligns the
major axes of the liquid crystal moleaudes 42 in a direction vertical to the efectric field direction. Therefore, tha liquid
crystal molecules 42 are tilted from the direction vertical to the substrates as shown in Figure 10B (gray-scale display
state). When the pixel regions in this state are observed with a polarizing microscope in crossed-Nicols, extinction pat-
terns are observed in the directions of polarization axes.

Figure 2 shows a vottage-transmittance curve of the liquid crystal display device of the present invention. The
abscissa axis represents a voltage, and the ordinate axis represents a relative transmittance. As shown in Figure 2,
when a voltage is increased, the transmittance gradually increases. When the voltege is further increased, the transmit-
tance further increases to reach saturation.

When a vollage is increased from the non-application state, the liquid crystal molecules 42 are tited from a direc-
tion vertical to the substrates 32 and 34. However, the direction in which the liquid crystal molecules 42 are tilted is not
uniguely determined. According to the present invention, because of the convex portions 38, a plurality of central axes
in axis-symmetrical alignment (hereinafter, merely referred to as “central axes”) are formed in hiquid crystal regions
exhibiting axis-symmetrical alignment defined by the convest portions 38. However, when such a plurality of central ax»s
are present, both the alignment and the transmittance are unstable.

When a voltage of 172 Vy, or more is continued to be applied. a plurality of central axes become a single central
axis in each liquid crystal region defined by the convex portions 35. In the case where a voltage applied to ths Equid
crystal layer 40 is between 1/2 Vg, and V,, the tansmittance reversibly changes In the operation range as shown in
Figure 2. Under the condition that a voitage in the vicinity of 1/2 Vy, is applied, the liquid crystal molecules are aligned
in a direction almost vertical to the substrates, while remembering the axis-symmetrical alignment state under the appli-
cation of a voltage of 1/2 V,y, or more, i.e., the symmetry with respect to the central axis. However, when the voltage is
removed or the volage is decreased 1o less than 172 Vy,, the Equid crystal molecules are aligned in a direction almost
vertical to the substrates and retum to a state not remembering the axis-symmetrical alignment state. Thus, even when
a vottage exceeding 1/2 Vy, is applied again, a plurality of central axes are once again formed. For example, at & stage
where an n-type liquid crystal material is injected into a liquid crystal cell, the liquid crystal molecules behave in the
same way as in the case of an applied valtage of less than 1/2 Vy,,.

As desaribed above, the fiquid crystal display device of the present invention opsrates in a normally black mode in
which the liquid crystal moleaules are aligned in a direction vertical to the substrates to perform a black display when
no voltage is being applied, and the liquid crystal molecules are axis-symmetrically afigned around a central axis
formed in each pixel region to perform a white display under the application of a voitage. However, a plurality ¢? central
axes are formed afler the application of a voltage, so that the operation becomes unstable with a black display being
performed when no voitage is being applied. in order to achieve a stabls operation in the display mode of the present
invention, it is desirable that one central axis is formed in each pixel region prior to a display operation.
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In order to form one central axis in each pixel region betore the display operation, a predetermined voliage, i.e., a
vollage of 1/2 Vy, or more should be applied. Thus, one central axis is formed in each pixel region, whereby a stable
ads-symmetrical alignment state can be realized during a white display. However, the removal of the voitage allows &
plurality of central axes to be formed as in an iniial unstable state. Thesetore, the device should be used under the appli-
cation of s predetermined voltage, i.e.. @ voltage in the vicinity of 1/2 Vy, without removing the voltage even during a
black display after the commencement of a display. In the display mode of the present invention, the device is preferably
used in the range of a voltage at which a stable axis-symmetrical alignment state is obtained, i.e., in the range of /2
Vi o Vo

To form one central axis in each pixel region before the display operation for the purpose of obtaining a stable oper-
ation siate is referred to as "axis-symmetrical alignment central axis forming process”. A voltage applied for the purpose
ot forming central axes is referred to as “axis-symmetrical alignment central axis forming voltage®.

Contrel of tha positions of central axes

As described above, according to the present invention, the liquid crystal molecules are afigned in a direction ver-
tical to the substrates when no voltagae is being applied. When a voltage is continued to be applied, the liquid crystal
mdlecules are axis-symmaetrically aligned asround one central axis in each liquid crystal region defined by the convex
portions. Thus, a liquid crystal display device with a high contrast and a wids viewing angle can be realized.

However, since the direction in which the liquid crystal molecules are tilted under the application of a voltage Is not
uniquely determined, the central axes can be formed at arbitrary positions, depending upon the pixel region. For exam-
ple, there is a possibility that the central axis is formed at different positions even in the identical pixe! region every tims
a voltage is applied. Alternatively, there is a possiility that even if an identical voltage is simultaneously applied, an
axis-symmetrical alignment central axis forming voltage may be applied to the liquid crystal motecules in various man-
ners depending upon the pixel region, whereby the central axes are formed at diflerent positions, depending upon the
pixe! region. )

When the positions at which the central axes are formed vary depending upon the pixel region, there is a great
effect on display quality. The relationship between the positions of the central axes and the display quality is as
described with reference to Figures 3A through 3D. More specifically, in the case where the central axis 44 is formed at
each central position in the pixe! regions as shown in Figure 3A, all the pixel regions are observed in a similar manner
even when the display surface is observed with a cell tited as shown in Figure 3C. In the case where some central axes
are formed shifted from central portions of the pixel regions as shown In Figure 3B, the pixel regions with the central
axes shifted are observed in a different manner from the other pixel regions as shown in Figare 3D, so that a noruniform
{rough) display is cbtained. This problem becomes serious particularly in a gray-scale display.

In order to obtain a display without any roughness, it is preferable that the positions of the central axes are control-
led by conducting an axis-symmetrical aignment central axis forming process prior to performing a display. Regions
whaere the liquid crystal molecules keep a homeotropic alignment state even under the application of a vollage are pro-
vided in the pixe! regions by the axis symmetrical alignment central axis forming process, whereby the positions of the
central axes can bs controlled. The regions where the liquid crystal molecules keep a homeotrapic alignment state even
under the application of a voitage can be provided by forming axis-symmetrical alignment central axis forming portions
in the electrodes in the pixel regions. In this cass, it is preferable that Sa satisfies 0% < Sa/A < about 4% , where Sais
an area of a region where the quid crystal molecules are aligned in a direction vertical to the substrates under the
application of an axis-symmatrical alignment central axis forming voitage in each pixel region, and A is an area of each

- phxel region, for the following reason. When Sa is 0, there is no effect of controliing the positions of the central axes.

When Sa is about 4% or more, the ratio of the axis-symmetrical alignment central axis forming portions which do not
contribute to a display is too large, and thoss portions becoms black defects, decreasing the contrast in most cases.

The liquid crystal molecudes in the axis-symmetrical alignment central axis forming portions are stable without the
afignment state thereot being influenced by an electric field. Furthermore, even when a central axis is formed in a posi-
tion of the pixel region other than the portion where the liquid crystal molecules keep a homeotropic alignment state
even under the application of a voltage, the central axis moves from the portion wherae it is originafly formed to the por-
tion where the Equid crystal molecules keep a homeotropic alignment state by continuing to apply an axis-symmetrical
afignment central axis forming voltage. Thus, the central axds is formed in the porticn of the pixe! region where the liquid
crysta) molecules keep a homeotropic alignment state even under the application of a voltage. The time required to
allow the central axis 10 move to a predstermined position (i.e., & portion where the liquid crystal molecules keep a
homeotropic alignmen state even under the application of a voltage) shoudd be prescribed to be, for example, tens of
seconds or more. Furthermore, the application of an axis-symmetrical alignment central axis forming voltage whie
heating a liquid crystal cell faciltates the movement of the central axis from the portion where the axis is originally
formed to the portion where the liquid crystal molecules keep a homeotropic alignment state, as a result ¢f which the
controllability of the positions of the central axes are furthermore improved.
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Altematively, by providing an axis-symmetrical afignment central axis forming portion at a predetermined position
(preferably, a substantially central portion of each pixel region) of each electrode in the pixel regions, the positions of
the central axes can be controlled. Figures 11A and 118 show the states of the electric force and the alignment of the
liquid crystal molecules under the application of a voltage to & liquid crystal cell in which an axis-symmatrical alignment
central axis forming portion is provided in a pixel region. In thesa figures, the reference numeral 1 denotes substrates,
2 denotes electrodes, 2a denotes an axis-symmetrical afignment centra) axis forming portion, 13 denotes an electric
torce, and 14 denotes bquid crystal molecules.

An eleciric fleld in the vicinity of the boundary between the axis-symmaetrical alignment central axis forming portion
2s and the electrode 2 ig strained by providing the axis-symmetrical alignment central axis forming portion 2g, and as
shown in Figure 11A, an electric force 13 having a component parallel to the substates is generated. Consequently, as
shown in Figure 11B, the liquid crystal molecules in the pixel region are influenced by the strained electric field, and
even when the central axis is formed in a portion of the pixel region not corresponding to the axis-symmetrical atignment
central axis forming portion 28, the central axds moves from the portion where the axis Is originally formed to a portion
of the pixe! region corresponding to the axis-symmetrical alignmsent central axis forming portion 2a. Thus, the axig-sym-
metrical alignment central axis Is formed in the portion of the pixel region corresponding to the axis<symmetrical align-
ment central axis forming portion 2a.

Alternatively, the positions of the central axes can be controfled by adjusting the thickness of the liquid crystal tayer
in the pixe! region. The adjustment of the thictmess of the Equid crystal layer in the pixe! region is as described in
Embodimant 1 with reference to Figures 4A and 4B.

Stabllizetion of en axds-symmstrical alignmant stete of the liquid crystal moleculss under the application ofan
axds-symmetrical alignment central axis forming woltage

In onder {0 perform a stable display operation in a disptay mode of the present invention, it is desirable that an axis-
symmetrical alignment state is stabilized by forming one central axis in each pixe! region prior to a display cperation.
For this purpose, as described above, the axis-symmetrical alignment central axis forming process should be con-
ducted, in which a predetermined voltage is applied prior to the display operation. Furthermore, it is preferable that a
predetermined voltage is applied even during a black display after the commencement of the dieplay operation, and the
cperation voltage, for example, in the range of 1/2 Vy, to Y, capable of obtaining a stable axis-symmetrical alignment
state is used. The reason for applying a predetermined voltage even during a black display is that the liquid crystal mol-
ecules are allowed to remember an axis-symmetrical alignment state (i.e., symmetry with respect to a central axis)
formed upon the application of a voltage of 1/2 V,,, or more so as not to return to the initial state. The axis-symmetrical
alignment central axis forming process may be conducted every time before the commencement of the display opera-
tion after the completion of a liquid crystal display device, or may be included in the course of the production of a Equid
crystal display device.

Aris-symmstrical alignmem fixing layer

According to the present invention, when no voltage is being applied, the liquid crystal molecules may be pre-
scribed to assums an axis-symmetrical alignment state similar to that under the application of a voitege in the vicinity
of 1/2 Vi In order to realize this, the axis-symmetrical alignment fixing layer can be formed on the surtace of at least
one of the substrates on the iquid crystal layer side. By forming the axis-symmetrical alignment fodng layer, an axis-
symmetrical pretilt angle can be provided to liquid crystal molecules in each liquid crystal region exhibiting axis-sym-
metrical elignment even under the condition that a voltage of 1/2 Vy, or more is not applied. Although the liquid arystal
molecules are provided with & pretilt angle by the axis-symmetrical alignment fixing layer even when no voltage is being
applied, the tiit of the liquid crystal molecudes from a direction normal to the substrates is small, and a black levelis sub-
stantially equal to that in the case without the axis-symmetrical alignment fixing layer.

The axis-symmetrical aignment fixing layer can be formed by a methed including the steps of disposing a precursor
mixture containing at least a liquid crystal material and a photocurable material between a pair of substrates, and curing
the photocurable material in the mixture. The photocurable material is cured, for axample, by exposing the precursor
mixture disposed between the substrate to light under the application of an axds-symmetrical alignment central axis
forming woltage. Any appropriate light exposure conditions can be adopted. A thermosetting material can be used in
place of the photocurable material. In the case of using the thermosetting material, any appropriate curing conditions
(heating conditions) can be adopted. The content of the curable material in the precursor mixture is as described in
Embodiment 1.

The photocurable material is preferably used for the following reason. Desired regions of the photocurable material
can be selectively cured, using a photomask or the like, so that liquid crystal regions (polymer regions) are likely to be
formed in a regular mammner in terms of space. if materials transmitting Gght with a desired wavelength are used for
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transparent electrodes and color filters in a liquid crystal display device, these members can be used in place of a pho-
tomask. The use of the membaers of the liquid crystal display device as a photomask has the advantage in that the liquid
crystal regions can be formed in a self-matching manner.

In order for the axis-symmetrical alignment fixing layer to provide an axis-symmetrical pretilt angle to the biquid crys-
ta! molecules in each liquid crystal region exhibiting axis-symmetrical alignment when no voltage of 1/2 V), or more is
belng applied, it is desirable that the liquii crystal molecules are tilted at a certain angle with respect to a direction nor-
mal to the substrates in the course of the formation of the axis-symmetrical alignment fixing layer (that is, it is desirable
that the fiquid crystal molecules have a tilt ang'e). In order to tilt the liquid crystal molecules at a certain angle with
respect to a direction normal to the substrates, a voltage should be applied. The applied voltage ehould be, for example,
in the range of 1/2 Vy, to Vg, capable of stabilizing axis-symmetrical alignment.

The axis-symmetrical alignment central axis forming voitage can be applied by using the electrodes (31 and 33 in
Figure 10A) which apply a voltage to the liquid crystal layer 40 for performing a display. The axis-symmetrical alignment
central axis forming voltage is preferably an AC with a frequency of 1 Hz or more. The reason for using an AC is that
the use of a DC may degrade the precursor mixture. When the frequency of the voltage is less than 1 Hz, the bquid crys-
tal molecules become unlikely o follow the changes in voltage, making it impossible to axis-symmetrically align the lig-
uid crystal molecules. In order to tilt the liquid crystal molecules at a certain angle with respect to a direction normal to
the substrates, a magnetic field may be applied in place of the axis-symmetrical alignment central axis forming votiage.

Examples

Hereinafter, the present invention will be described by way of illustrative examples. However, the present invention
is not [imited thereto.

Example 1

Referring to Figures 12A and 12B, a method for producing a liquid crystal display device in the present example
will be described. Convex portions 68 with a height of about 3 um were formed with a photoresist (OMR83; produced
by Tokyo Ohka-sha) on regions other than pixel regions of a substrate 62 having transparent electrodes 63 made of ITO
(thickness: about 100 nm) on its surface. Then, spacers 65 with a height of about 5 pm were formed on the convex por-
tions 66 with photosensitive polyimide. The size of a region (i.e., a pixel region) defined by the cornwvex portions 66 was
prescribed to be 100 um x 100 um. Polyimide (JALS-204; produced by Japan Synthetic Rubber Co., Ltd.) was spin-
coated onto the resultant substrate to form a homeotropic alignment layer 68. Furthermore, a homectropic alignment
layer was also formed with the eame material on transparent electrodes of the other substrate (not shown). These sub-
strates were attached to each other to complete a liquid crystal cell.

An n-type liquid crystal material (Ae = -4.0; An = 0.08; a twist angle peculiar to the liquid crystal material = 80° n a
cell gap of 5 um,) was injected into the cell produced as described above, and a voltage of about 7 volts was applied to
the cell. immediately after the appfication of the voltage, a plurality of central axes are present in an initial state. When
the voltage is continued to be applied, one axis-symmetrical alignment region (monodomain) was formed in each pixel
region.

Polarizing plates were disposed in crossed-Nicols on both sides of the cell, whereby a liquid crystal display device
was produced. The structure of the liquid arystal display device thus cbtained was substantially the same as that of the
liquid crystal display device 160 shown in Figures 1A through 1D, except that the cross-section of the homeostropic
alignment layer 68 had the shape of a mortar as shown in Figure 12A (polarizing plates are not shown). Since the
homeotropic alignment layer 68 has a cross-section in the shape ot a mortar, a differential coefficient of a curve showing
changes in thicloness with respect to the position (from a central portion of a pixel to a persipheral portion thereof) is pos-
itive, and a differential coefficient of a curve showing changes in thickness of the kquid crystal layer in the pixsl region
is negative.

The axis-symmetricat alignment of the cell in Example 1 is stable under the application of a voltage ot 1/2 Yy, or
mors, and is disturbed when the voltage is decreased to less than 1/2 Vy, to return to an initial state. When a voltags is
applied to the cell again, an inftia) axis-symmetrical alignment with a piurality of central axes is obtained. Thereafter, an
axis-symmetrical alignment state in which one central axis is formed in each pixel region is cbtained. This phenomenon
is obtained even when the same experiment is conducted 20 times. After forming the axis-symmetrical alignment state
by the application of a voltage of 1/2 Yy, 0r more, the cell in Example 1 was measured for electro-optic characteristics

in a voltage range (1/2 Yy, or more) in which the axis-symmetrical alignment was stable .

Figure 13 shows the electro-optic characteristics thus obtained. As is apparent from Figure 13, the liquid arystal
display device of the present invention had a satistactory contrast ratio (CR = 300:1, 5 voliis) with a low transmittance
when no voltage is being applied. Regarding the viewing angle characteristics, a high contrast ratio was obfained in a
wide viewing angle rangs as shown in Figure 14. In Figure 14, yrepresents an azimuth angle (i.e., inra-display surface
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angle), 8 represents a viewing angle (i.e., a tilt angle from a normal to the display surface), and the hatched portion rep-
resents the region with a contrast of 10:1 or more.

Comparstive Example 1

In Comparative Example 1, the homectropic alignment layer 68 was directly formed on the transparent electrode
63 formed on the suriace of the substrate 62 gshown in Figures 12A. Thereafter, the spacers 65 were formed using pho-
tosensitive polyimide in the same way as in Example 1. In Comparative Example 1, the convex portions 66 as shownin
Figures 12A and 12B were not formed. The resultant substrate was attached to the counter substrate obtained in the
same way as in Example 1 to produce a liquid crystal cell. The thickness of the liquid crystal layer in the pixel regions
in the cell was constant.

When the same material as that in Example 1 was injected into the cell, the liquid crystal molecules were randomly
aligned, and disclination lines were formed in a random manner. The cell was observed under the application of a voit-
age, showing that the display was rough in gray scales.

Example 2

As shown in Figure 18, a projection 69 was formad in a central portion of a pixs! region on the substrate 62 having
the convex portions 66 in Example 1 using a resist material (OMR83). The width of the projection 69 is preferably about
110 or less of that of the pixel region. When the width of the projection 69 exceeds about 1/10 of that of the pixel region,
the opening ratio decreases, resulting in a decrease in transmittanca in a device, which is notpreferable. A liquid crystal
cell was produced in the same way as in Example 1, except for providing the projections 69.

As a resuit of the observation of the cell, a central axis was formed at a position of each projection €9, and thus, a
liquid crystal display device in which central axes were formed at central portions in aimost all the pixel regions was
obtained. When the liquid crystal display device was cbserved in various viewing angle directions, a display without
roughness was obtalned.

Examples 3 and 4 and Comparative Examples 2 and 3

Liquid crystal display devices in Examples 3 and 4 and Comparative Examples 2 and 3 were produced in the same
way as in Example 1, except that a cell gap (thickness of a liquid crystal layer) was adjusted as shown in Table 1. The
adding amount of a chiral agent (S-811: produced by Merck & Co., Inc.) in the liquid crystal material used in each liquid
crystal display device was adjusted in such a manner that the twist angle pecullar to the liquid crystal material became
90°.

Table 1
B — 1 Eanple Comparative Example
1 ) 4 2 3
Cell gapd (um) s| 44| 58 3.1 8.5
d-An (M) &t Viex 400 | 352 | 448 248 520
Transmittance (%) & Vipax * 70| 58 73 39 2" ]J

* Relative value with a transmittance in paraflel Nicols being 100%
** Mgasured al a maximum transmitiance

When an increasing voltage was applied to the fiquid crystal cell in Comparative Example 3 with a retardation of
520 nm until a maximum transmittance was obtained, a transmittance decreased, and a contrast inversion phenome-
non (i.e., a phenomenon occurring when the voltage excaeds Vy,,, in Figure 6) was observed In a gray-scale display.
In the Bquid crysta! display device in Comparative Example 2 with a retardation of less than 300 nm, a transmittance
was low. k is understood from the experimental results shown in Table 1 that the product d » An (retardation) of An (bire-
fringence at the maximum driving voltage) of a Bquid crystal material and an average thickness d of a liquid crystal tayer
is preferably in the range of about 300 to about 500 nm.
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Examples 5 and 6 and Comparative Examples 4 and §

Liquid crystal display devices having ditferent twist angles as shown in Table 2 (Examples 5 and 6 and Comparative
Examples 4 and 5) were produced by adjusting the adding amount of a chiral agent (S-811: produced by Merck & Co.,
Inc.) in the liquid crystal material used in the liquid crystal display device in Example 1. The electro-optic characteristics
of the Equid crystal display devices were measured under the application of a voltage at which the transmittance of each
device became maximum.

Twist angle () 9 | 50 | 110 30 120
Transmittance (%) at Ve~ | 70 | 41 | 50 35 35+

* Relative value wilh a transmittanca in paraliel Nicols boing 100%
** A contrast inversion phenomencn occurs when a volage exceeding a value at which
a transmittance becomes maximum is epplied

~ Risunderstood from the results shown in Table 2 that the twist angle under the application of the maximum driving
voitage is preferably in the range of 45° to 110°,

Example 7

A phase diiference plate (retardation: 150 nm ascribable to n, = n, n, - n,) having a "Frisbee-type” refractive oval
body was placed on one side of the liquid crystal display device in Example 1. Figure 16 shows the results dbtained by
measuring the viewing angle characteristics of the liquid crystal display device. It is understood from Figure 16 that the
viewing angle of the liquid crystal display device in Example 7 was wider than that of the liquid crystal display device in
Example 1 (see Figure 14).

Example 8

In the present example, a method for stabilizing axis-6ymmetrical alignment of liquid crystal molecules by curing a
photocurable resin mixed in a liquid crystal material (i.e., by forming an axis-symmetrical alignment fixing layer) will be
described

Figure 17 shows a schematic partial cross-sectional view of a liquid crystal display device in Example 8. A liguid
crystal display device 200 includes a liquid crystal layer 80 containing an n-type liquid crystal material (liquid crystal
molecules) 92 having a negative dielectric anisotropy Ae between a pair of substrates 82 and 84. Homeotropic align-
ment layers 86a and 88b are provided on the surfaces of the substrates 82 and 84 on the liquid crystal layer 80 side.
Convex portions 86 are provided on the surface of at lsast one of the subslirates 82 and 84 on the Bquid crystal layer 80
side. The liquid crystal layer 80 has two different thicknesses because of the convex portions 86. Consequently, as
described above, liquid crystal regions exhibiting axis-symmetrical alignment are defined by the convex portions 86
under the application of a voltage. in Figure 17, electrodes formed on the substrates 82 and 84 for applying a voltage
to the liquid crystal laysr 80 are omitted. The liquid crystal display device 200 is ditterent from the liquid crystal display
device 100 in Example 1 in that axis-symmetrical alignment fixing layers 90a and 90b are formed on the homeotropic
alignment layers 88a and 88b. The axis-symmetrical alignment tixing layers 90a and 90D allow the liquid crystal mole-
cudss in the pixel regions to keep axis-symmetrical alignmsnt even when no voltage is being applied. Therefore, even
when a voltage of less than 1/2 Vy, is applied (or a voliage is not applied) for driving the iquid crystal display device

200, the éectro-optic characteristics as shown in Figure 2 can be obtalned with good reproducibility. The axis-symmet-

rical alignment fixing layers 90a and 90b keeping axis-symmetrical alignment (pretilt) of the iquid crystal molecules are
formed by curing a curable resin mixed in a fiquid crystal material under the application of a voltage of 1/2 Vy, or more
to the liquid crystal layer.

Hereinafter, referring to Figure 18, a method for producing the Equid crystal display device 200 will be described in
detail. Convex portions 66 with a height of about 2.5 wm were formed with a photoresist (OMRSS; produced by Tokyo
Ohka-sha) on regions other than pixel regions of a substrate 62 having transparent electrodes 63 made of ITO (thick-
ness: about 100 nm) on its surtace. Then, spacers 65 with a hsight of about 5 um were formed on the convex portions
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66 with photosensitive polyimide. The size of a region (i.e., a pixe! region) defined by the convex portions 66 was pre-
scribed to be 100 pm x 100 um. Polyimide (JALS-204; produced by Japan Synthetic Rubber Co., Lid.) was spin-coated
onto the resultant substate to form a homeotropic alignment layer 68. Furthermore, 8 homeotropic alignment layer (not
shown) was also formed with the same material on transparent electrodes of the other substrate. These substrates
were attached to each other to comptlete a liquid ¢rystal cell.

In the present eample, a mixture containing an n-type liquid crystal material (A = -4.0; An = 0.08; a chiral angle =
80° in a cell gap of 5 pm), about 0.3 witd of a compound A (photocurable resin) represented by the following Formula
I, and about 0.1 wi% of a polymerization initiator (Fgacure 651) was injected into the cell. Thereafter, a voitage of § volts
was applied to the cell to form axis-symmetrical alignment. An axis-symmetrical alignment region was formed in each
pixel region defined by the convex portions 66, and a central axis was formed at a central portion of each pixal region.
Then, the cell was iradiated with UV-rays (intensity at 365 nm: about 6 mW/cm?) for 10 minutes at room temperature
(25°C) under the application of a voltage about 0.5 volts higher than a threshold voitage of about 2.0 volts, whereby the
photocurable resin in the mixture was cured. As a result, the axis-symmetrical alignment fodng layer 30a was formed s0
as to cover the homeotropic alignment layer 68. The axis-symmetrical alignment layer 90b (see Figure 17) was also
fermed on the counter substrate.

£ FE F
CHa =CHCOO0 (CH2)80 O(CHz)a 00CCH=CHz (1)

The axis-symmetrical alignment of th cell in Example 8 did not return to a homeatropic alignmant state of the liquid
crystal molecules even when a voltage applied to the liquid crystal layer becama less than 1/2 Vg, h is considered that

" the pretilt state in axis-symmstrical afignment was kept by the axis-ymmetrical alignment fixing layers 90a and 90b.

Thus, after the formation of the axis-symmetrical alignment fixing layers 90a and 90b, a phenomenon that a plurality of
centra) axes are present in each pixel region did not occur even when a voltage of 1/2 Vy, or more was applied after
removal of the voitage applied to the liquid crystal layer, and the homeotropic alignment state (black state) and the axis-
symmetrical alignment state (white state) was able to be electrically controlled in a reversible manner. The liquid crystal
molecules contained in the liquid crystal layer of the liquid crystal display device in Example 8 were provided with a
pretilt angle by the axis-symmetrical alignment fixing layer 90a when no voltage is being applied. However, the shift from
the homeotropic alignment was small, so that a black level when no valtage is being applied was substantially equal to
that of the liquid crystal display device in Example 1. The electro-optic characteristics and viewing angle characteristics
were the same as shown in Figures 13 and 14. Although a photocurable resin was used in the present mnpla. ather-
mosetting resin can also be used.

By providing a phase difference plate having a 'Fnsbee-type refractive oval body in the same way as in Example
7, wide viewing angle characteristics can be obtained as shown in Figure 16. The phase difference plate particularty
improves the viewing angle characteristics in a direction at an angle of 45° from polarization axes of polarizing plates.

Examples 9 and 10 and Comparative Examples 6 and 7

Liquid crystal display devices in Examples 9 and 10 and Comparative Examples 6 and 7 were produced in the
same way as in Example 8, by injecting the mixtures with varying content of the above-mentioned compound A. As is
apparent from the results of Comparative Example 6, when the content of the photocurable resin was less than about
0.1 wi%, the axis-symmetrical alignment was not be able to be fixed effectively. When the content was more than about
6 wt%, the homeotropic alignment of the liquid crystal molecules was disturbed, and Gght leakage became large when
no voltage is being epplied. Thus, it is understood that the content of the photocurable resin is preferably in the range
of about 0.1 wi% to about 6 wi%.

Table 3
] Example Comparative Examgle
8 9 10 6 7 ||
| Content of Compound A (wt%) 0.3 0.1 2 0.05 6 (
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Table 3 (continued)

- T  Eampe |
8 9 10
Transmittance when no voltage is being applied (%) | 006 | 0.04 | 0.1
Fixing of axis-symmetrical aignmen QGood | Good | Good

Example 11

Figure 7 is a cross-sectioral view of a PALC 400 in the present aample. The PALC 400 includes a counter sub-
strate 120, a plasma substrate 110, and a liquid crystal layer 102 disposed therebetween. The kquid crystal layer 102
is sealed with a sealam 108. The plasma substrate 110 includes a substrate 111, a dielectric sheet 116 opposing the
substrate 111, and a plurality of plasma chambers 113 defined by partition walls 112 provided between the substrate
111 and the dielectric sheet 116. The plasma chambers 113 oppose the liquid crystal layer 102 with the dielectric layer
116 disposed therebetween. Gas sealed in each plasma chamber 113 is ionized by applying a voltage across an anode
114 and a cathode 115 formed on the surtace of the substrate 111 on the plasma chamber 113 side, whareby plasma
discharge occurs. A plurality of chambers 113 extend in the shape of stripes in a direction vertical to the drawing surface
of Figure 7 In such a manner as to be orthogonal to transparent electrodes 105 formed on the surface of the counter
substrate 120 on the liquid crystal layer 102 side. Intersections of the plasma chambers 113 and the transparent elec-
trodes 105 define pixel regions.

Convax portions 132 in the shape of a lattice are formed on the counter substrate 120 on the liquid crystal layer 102
side 60 as o correspond to the non-pixel regions. The corvex portions 132 allow axis-symmetricaily aligned regions to
be formed s0 as to correspond to the pixel regions. Furthermore, homestropic alignment layers 134a and 134b are pro-
vided on the surfaces of the plasma substrate 110 and the counter substrate 120 on the liquid crystal layer 102 side.

The PALC 400 was produced as follows.

A plurality of electrodes each including a pair of ancde 114 and cathcde 115, and the partition walls 112 with a
height of about 200 um were formed with glass paste so as to make a partition between the adjacent electrodes. Next,
a thin film glass substrate 116 with a thickness of about S0 pm was attached to the partition walls 112 with a photocur-
able sealant. Thereafter, argon gas was sealed Into the plasma chambers 113. The entire surface of the thin fim glass
substrate 116 was spincoated with JALS-204 (produced by Japan Synthetic Rubber Co., Lid.) to form the homeotropic
afignment layer 134a, whereby the plasma substrate 110 was obtained.

Referring to Figures 19A and 198, a method for producing the counter substrate 120 will be described. The convex
portions 132 with a height of about 2.7 um were formed with OMRB83 (produced by Tokyo Ohka-sha) on regions other
than the pixe! regions on a glass substrate 101 having transparent electrodes 105 made of ITO (thickness: about 150
nm) in the shape of stripes. The size of each pixel region was prescribed to be 160 um x 100 pm. Furthermore, spacers
135 with a height of about 6 um were formed with photosensitive polyimide. The resultant substrate was spin-coated
with JALS-204 (produced by Japan Synthetic Rubber Co., Ltd.) to form the homeotropic alignment layer 134b, whereby
the counter substrate 120 was cbtained. The plasma substrate 110 was attached to the counter substrate 120 to pro-
duce a liquid crystal cell.

An ntype bquid crystal material (A = -4.0, An = 0.077; a twist angle peculiar to the liquid crystal material = 80°in
a cell gap of 6 um) was injected into the cell. A voliage of about 7 volis was applied to the cell. After application of the
voltage, a plurafity of central axes were present In an initial state. When the voltage was further continued 1o be applied,
one axis-symmetrically aligned region (monodomain) was formed in each pixel region.

Polarizing plates were disposed in crossed-Nicols on both sides of the cell, whereby a liquid crystal display device
was produced. The cross-sectional structure of the liquid crystal layer in the iquid crystal display device thus cbtained
was substantially the same as that of the liquid crystal display device shown in Figures 4A and 4B, except that the
cross-cection of the homeotropic alignment layer 134b had the shape of a mortar as shown in Figure 19A (polarizing
plates are not shown). Since the homeotropic alignment iayer 134b has a cross-section in the shape of a mortar, a dif-
terential coefficient of a curve showing changes in thickness with respect to the position (fram a central portion of a pixel
to a peripheral portion thereof) is positive, and a differential coefticient of a curve showing changes in thicikness of the
liquid crystal layer in the pixel region is negative.

The axis-symmetrical alignment of the ce!l in Example 11 was stable under the application of a voltage of 1/2 Vi,
of more, and was disturbed when the voltage was decreased to less than 1/2 Yy, to retum to an inital state. When a
voltage was epplied to the cell again, an initial axis-symmetrical alignment with a plurality of central axes was obtained.
Thereafter, an axis-symmetrical alignment state in which one central axis was tormsd in each pixel region was obtained.
This phenomenon was obtained even when the same experiment was conducted 20 imes. Afier forming the axis-sym-
metrical alignment state by ths application of a voltage of 1/2 Yy, or more, the cellin Example 11 was measured for elec-
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tro-optic characteristics in a woltage range (1/2 Vy, or more) in which the axis-symmstrical aignment was stable.

Figure 13 shows the electro-optic characteristics thus oblained. As is apparent from Figure 13, the liquid crystal
display device of the present invention had a satistactory contrast ratio (CR = 300:1, 5 volis) with a low transmittance
when no woltage is being applied. The threshold voltage was about 2 volis. A high contrast ratio was abtained ina wide
viewing angle range as shown in Figure 9. In Figure 9, y represents an azimuth angle (i.e., intra-display surtace angle),
@ represents a viewing angle (i.e., a tilt angle from a normal to the display surface), and the hatched portion presents a
region with a contrast of 10:1 or more.

Comparative Example 8

In Comparative Example 8, the homeotropic alignment layer 134b was directly formed on the transparent electrode
105 formed on the surtace of the substrate 101 shown in Figure 19A. Thereafter, the spacers 135 were formed using
photosensitive polyimide in the same way as in Example 11. In Comparative Example 11, the convex portions 132 as
shown in Figure 19A were not formed. The resultant counter substrate 120 was attached to the plasma substrate 110
formed in the same way as in Example 11 to produce a liquid crystal cell. The thickness of the liquid crystal layer in the
pixel regions in the cell was constant.

When the same material as that in Example 11 was injected into the cell, the liquid crystal melecules were ran-
domty aligned, and disclination lines were formed in a random manner. The cell was observed under the application of
a voltage, showing that a display was rough In gray scales.

Example 12

In the present example, 8 methed for stabilizing axis-symmetrical aignment of liquid crystal molecules by curing a
photocurab!a resin mixed in a liquid crystal material will be described. Figure 20 is a schematic partial cross-sectional
view of a liquid crystal display device in Example 12.

The liquid crystal display device 500 includes a liquid crystal layer 80 containing an n-type liquid crystal material
(Equid crystal molecules) 92 having a negative dielectic anisotropy As between a pair of substrates 82 and 84. A
plasma substrate is used as either the substate 82 or 84. Homeotropic alignment layers 88a and 88b are provided on
the surfaces of the substrates 82 and 84 on the liquid crystal layer 80 side. Convex portions 86 are formed on the sur-
face of at least one of the substrates 82 and 84 on the liquid crystal layer 80 eide. Since a dielectric sheet provided on
the plasma substrate on the liquid crystal layer 80 side is thin, the convex portions are preferably formed on the counter
substrate (color fiter substrate) in view of the lack of strength of the dielectric sheet.

The liquid crystal layer 80 has two different thidnesses because of the convex portions 86. Consequently, as
described above, liquid crystal regions exhibiting axis-symmetrical aignment under the application of a voltage are
defined by the convex portions 88. In Figure 20, electredes provided on the substrates 82 and 84 for applying a voltage
to the liquid crysta) layer 80 and piasma chambers are omitted. The liquid crystal display device 500 has the same
structure as that of the liquid crystal display device 460 in Example 11, except that the axis-symmetrical alignment fixing
layers S0a and 90D are provided on the homeotropic alignment layers 88a and 88b. The axis-symmetrical alignment
fixing layers 80a and $0b aflow the fiquid crystal molecules in the pixel regions to keep axis-symmetrical alignment even
when no voltage is being applied. Therefore, even when a voltage of less than 1/2 Vy, is applied (or a voitage is not
applied) for driving the liquid crystal display device 500, the electro-cptic characteristics as shown in Figure 2 can be
obtained with good reproducibility. The axis-symmetrical alignment fixing layers 802 and S0b kegping axis-symmstrical
alignment (pretilt) of the liquid crystal molecules are formed by cwing a curable resin mixed in a liquid crystal material
under the application of a voltage of 1/2 V), or more to the Equid crystal layer.

Hereinafter, a method for producing the liquid crystal display device 58 will be described in detail. Referring to Fig-
ure 21, convex portions 132 with a height of about 2.7 pm were formed with a photoresist (OMR83; produced by Tokyo
Ohia-sha) on regions other than pixel regions of a substrate 101 having transparent electrodes 105 made of ITO (thick-
ness: 150 nm) on its surface. Then, spacers 135 with a height of about 6 wm were formed on the convex portions 132
with photosensitive polyimide. The size of a region (i.e., a pixel region) defined by the convex portions 132 was pre-
scribed to be 100 pm x 100 um. Polyimide (JALS-204; produced by Japan Synthetic Rubber Co., Lid.) was spin-coated
onto the resultant substrate to form a homeotropic alignment layer 134D to obtain a counter substrate. Furthermore, a
homeotropic afignment layer (not shown) was also formed with the same material on transparent electrodes of the other
substrate (plasma substrate). These substrates were attached to each other to complete a liquid crystal cell. This cdll
was substantially the same as that in Exampie 11.

In the present example, 8 mixture containing an n4ype liquid crystal material (Ae = -4.0; an = 0.077; a chiral angle
=80° in a cefl gap of 6 pm) and 0.4 wit% of a compound A (light curable resin) represented by the following Formula |,
and 0.1 wi% of Irgacure 651 was injected into the cell. Thereatter, a voitage of about 5 volts was applied to the cefl to
form axis-symmetical aignment. An axis-symmaetrical alignment region was formed in each pixel region defined by the
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convex portions 132, and a central axis was formed at a central portion of each pixel region. Then, the cell was iradi-
ated with UV-rays (Intensity at 365 nm: 6 mW/cn?) for 10 minutes at room temperature (25°C) under the application of
a voltage about 0.5 voits higher than a threshold voiiage of about 2.0 volts, whereby the photocurable resin in the mix-
ture was cured. As a result, an axis-symmetrical alignment fixing layer 142a was formed 5o as to cover the homeotropic
alignment layer 134b. The axis-symmetrical alignment layer corresponding to the axis-symmetrical alignment layer $0b
(not shown in Figure 21) was also formed on the plasma substrate. In the present example, aithough a photocurable
resin was used, a thermosetting resin can also be used.

FEF F
CHa = CHCOO (CH2)80 O(CHz)a 00CCH=CHz (1)

The axis-symmetrical alignment of the cell in Example 12 did not return to a homeotropic alignment state of the liq-
uid crystal molecules even when a voltage applied to the liquid crystal layer became less than 1/2 Vy,. it is considered
that the pretilt state in axis-symmetrical aignment was kept by the axis-symmetical alignment tixing layer 142a. Thus,
after the formation of the axis-symmetrical alignment fixing layer 142a, a phenomenon that a plurality of central axes
are present in the pixel regions did not occur even when a voltage of 1/2 Vy, or more was applied after the appfied volt-
age was removed from the liquid arystal layer, and the homeotropic alignment state (biack state) and the axis-symmet-
rical alignment state (white state) were able to be electrically controlled in a reversible manner. The liquid crystal
molecules contained in the liquid crystal layer of the liquid crystal display device in Example 12 were provided with a
pretilt angle by the axis-symmetrical alignment fixing layer 1428 when no voltage is being applied. However, the shift
from the homeotropic alignment was small, €0 that a black level when no voltage is being applied was substantially
oqual to that of the Iiquid crystal display device in Example 11. The electro-optic characteristics and viewing angle char-
acteristics were the sams as shown in Figures 13 and 9. Although a photccurable resin was used in the present exam-
ple, a thermosetting resin can also be used.

In the liquid crystal display device of the present invention, two polarizing plates were atlached in such a manner
that polarization axes were placed in a crosswise direction on the display surface. As shown in Figure 9, axis-syrmmet-
rical wide viewing angle characteristice were obtained. Since the direction of the plasma chambers is identical with that
of the polarization axes of the polarizing plates, less light leakad.

By providing a phase difference plate (An-d = 300 nm) having a negative "Frishee-type” refractive oval body
between the cell and the polarizing plate, the viewing angle characteristics in a directicn at an angle of 45° from the
polarization axes of the polarizing plates can be turther improved. Table 4 shows the results.

Phase difference plate is | Phase diflerence plateis
provided not provided

Transmittance at a viewing angle of 60° in a direction atan 7% 55%

angle of 45° from a polarization axis

Comparative Example 9

A liquid crystal cell was produced in the same way as in Example 11, except that the convex portions in the shape
of alattice were not formed on the counter substrate. Horizontal alignment fitms were formed on the surfaces of the sub-
strates on the liquid crystal layer elde, and the horizontal alignment fims were subjected to a rubbing treatment,
whereby a liquid crystal cell in a TN mode was produced. A liquid crystal material was injected into the cell, and the cell
was heated and gradually cooled to produce TN-PALC. Polarizing plates were attached to the ¢cel!l insuch a manner that
polarization axes were shifted by 45° from a crosswise direction on the display surface. The viewing angle characteris-
tics of the liquid crystal display device thus obialned were as shown in Figure 8A. As is understood from this figure, the
viewing angle was much narrower, compared with those in Examples 11 and 12. Furthermore, light leakage from the
aftachment surface was observed In the shape of lines. Thus, a contrast was decreased.
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Example 13

Figure 22A is a schematic cross-sectional view of one pixel of a liquid crystal display device in Example 13. Figure
22B is a plan view thereof. Figure 22A is a cross-sectional view taken along the A-A line in Figure 22B. The structure
of the liquid crystal display device will be described together with the production process.

Transparent electrodes 81 (thickness: about 100 nm) made of ITO were formed on a glass substrate 60, and JALS-
204 (produced by Japan Synthetic Rubber Co., Lid.) was spin-coated anto the transparent electrodes 61, whereby a
homeobropic alignment layer 67 was formed.

Transparent electrodes 83 (thickness: about 100 nm) made of ITO were formed on a glass substrate 62. The central
portion of each pixel region in the transparent electrodes 63 was removad by photolithography and etching to form an
axis-symmstrical alignment central axis forming portion 64. Furthermore, convex portions 66 with a height of about 3
pm were formed with an acrylic negative resist on regions other than the pixel regions on the transparent electrode 63.
Thereatter, spacers 65 with a height of abocut 2 um were formed using photosensitive polyimide. The size of each pixe!
region defined by the spacers 68 and the convex portions 86 was prescribed to be 180 um x 325 pm. JAS-204 (pro-
duced by Japan Synthetic Rubber Co., Ltd.) was spin-coated onto the resuitant substrate to form a homeotropic align-
ment layer 68. '

Both the substrates 60 and 62 were attached to each other, and an n-type kquid crystal material (Ae = - 4.0, An =
0.08, a twist angle peculiar to the fiquid crystal material = 80° in & cell gap of 5 pm) to torm a liquid crystal layer 70,
whereby a liquid crystal cell was completed.

As the convex portions 66 and the spacers 65, photosensitive acrylate type, methacrylate type, polyimide type, and
rubbser type materials may be used. As long as the convex portions 68 and the spacers 65 are provided with strength
against the pressure of about 409 g/ any photosensitive material may be used.

In order to perform an axis-symmebical alignment central axis forming process, the cell thus produced was sup-
plied with an axis-symmetrical alignment central axis forming voltage of about 7 volts. Alter the application of a voltage.
a plurafity of central axes were tormed in an initia} state. When an axis-symmetrical alignmant central axis forming volt-
age was continued to be applied, one central axis was formed in each pixal region, whareby one axis-symmetrical
region (monodomain) was formed.

Each pixel was cbserved in a transmission mode using a polarizing microscope in crossed Nicols under the appti-
cation of a driving voltage to the cell. Some time after the commencement of appfication of the voltage, it was cbserved
that a plurality of central axes formed in an initial state immediately after the application ot a voitage becams one. At
this time, in about 10% of the pixe! regions of the liquid crystal cell, the central axes were formed shifted from the central
portions of the pixel regions. By continuing to apply an axis-symmetrical afignment central axis forming voitage, the iq-
uid crystal molecules were axis-symmetically afigned around the central axis in each pixel region during a white display
as shownin Figure 23, and ths central axes were observed to be formed at positions corresponding to the axis-sym-
metrical alignment central axis forming portions 64 in substantially central portions of the pixel regions.

Polarizing plates were disposed in crossed Nicols on both sides of the cell, whereby a liquid crystal display device
was produced.

Figure 13 shows electro-optic characteristics of the liquid crystal display device in Example 13. Figure 24 shows
viewing angle characteristics of a contrast. Figure 13 correspands to Figure 2. In Figure 24, w represents an azimuth
angle (i.e., intra-display surtace anglse), 8 represents a viewing angle (i.e., a tilt angle from a normal to the display sur-
face), and the hatched portion represents a region with a contrast of 10:1 or more.

Example 14

Figure 25A Is a schematic crogs-sectional view of a liquid crystal display device in Example 14. Figure 25Bis a plan
view thereof. Figure 25A is a ¢ross-sectional view taken along the A-A line in Figure 25B.

In Example 14, a homeotropic alignment layer 68 provided above a substrate §2 was formed 50 as to have a cross-
section in a pixel region satisfying the relationship as shown in Figures 4A and 4B. That is, the homeotropic alignment
layer 68 was formed in such a manner that a differential costiicient of a curve representing the changes in thidmess of
the homeotropic alignment layer 68 with respect to the position (from a central portion of a pixe! to a peripheral portion
thereof) became positive, and a differential coefficient of a curve representing the changes in thicikness of a liquid crys-
tal layer in the pixe] region became negative. More spedifically, the crose-section of the homeotropic alignment layer 68
in the pixel region had the shape of a mortar, and an axis-symmetrical alignmaent central axis forming porticn 64 was
provided in a pixe! electrode 63 at the deepest position of the cross-section of the homeotropic alignment layer 68. A
liquid crystal cell was produced In the same way as in Example 13.

in order to perform an axis-symmetrical alignment centra) axis forming process, the cell thus produced was sup-
plied with an axis-symmaetrical alignment central axis forming voitage of about 7 volis. After the application of a voftage,
a plurabty of central axes were formed in an initia) state. When an axis-symmetrical alignment central axis forming volt-
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age was continued to be applied, one central axis was formed in each pixel region, whereby one axis-symmetrical
region (monodomain) was formed.

Each pixel was observed in a transmission mode using a polarizing microscope in crossed Nicols under the appli-
cation of a driving voltage to the cell. Some time after the commencement of application of the voltage, it was observed
that a piurality of central axes formed in an initial state immecfiately after the application of a voitage became one. Each
central axis thus formed was provided in a substantially central portion of the pixel region corresponding to the deepest
portion of the mortar-chaped cross-section. By continuing to apply an axis-symmetrical alignment centra) axis forming
voltage, the liquid crystal molecules were axis-symmetrically aligned around the central axis in each pixel region during
a white display as shown in Figure 23, and the central axes were observed to be formed at positions comresponding to
the axis-symmetrical alignment central axis forming portions 64 in substantially central portions of the pixel regions.

Polarizing plates were disposed in crossed Nicols on both sides of the cell, whereby a liquid crystal display device
was produced.

Theliquid crystal dispiay device in Example 14 had almost the same electro-optic characteristics and viewing angle
characterigtics of a contrast as those in Example 13.

Example 15

Liquid crystal cells were produced in the same way as in Example 13, except that the size of each pixel was pre-
scribed to be 100 um x 100 pm, and the area of the axis-6 etrical alignment central axis forming portion 64 at a cen-
tral portion of the pixel reglmmwesahedtobeol.lm!.r;:umz. 100 pm?, 400 wm?, and 900 pm?. Polarizing plates
were placed In crossed-Nicols on both sides of each cell, whereby liquid crystal display devices were completed.

In the present example, each pixel was cbserved in & transmission mods with a polarizing microscope in crossed-
Nicols under the application of a driving voltage to the cells. The following Table S shows the results obtained by evalu-
ating roughness of a display with each cell tilted under the application of a voltage which provides gray scales. In Table
5, O represents & display of good quality having aimost no roughness; a represents a display with negligible rough-
ness; X represents a display with roughness; Sb represents an area of an axis-symmetrical alignment central axis form-
ing portion; and A represents an area of a pixel region.

Table §
II'W' A (um?) | St/A (%) | Evaluation “
" 0 10000 ) X ||
|| 25 10000 025 (o)
| 100 10000 1.0 O
400 10000 40 a |
800 10000 9.0 x|

As is understood from Table S, it is preferable that the axis-symmetrical alignment central axis forming portion is
provided so that Sb satisties 0 < Sb/A < 4%.

Example 16

A method for stabilizing the axis-symmetrical afignment state of liquid crystal molecides by forming an axis-sym-
metrical alignment fixing layer on a surface of either.one of substrates on a liquid crystal layer side will be described,
the method including an axis-symmetrical alignment cemtral axis forming process in the course of the production of a
liquid crystal display device.

Figure 26 is a schematic cross-sectional view of a liquid crystal display device in Example 16. The liquid crystal dis-
play device in Example 16 has the eame structure as that in Example 13, except that axis-symmetrical alignment fixing
layers 90a and 90b are provided on homeotropic alignment layers 68 and 67, respectively.

Substrates having cross-sectional structures shown in Figure 26 ware produced in the same way as in Example 13.
Transparent electrodes 61 (thickness: about 100 nm) made of ITO were formed on a glass substrate 60. JALS-204 (pro-
duced by Japan Synthetic Rubber Co., Lid.) was spin-coated to form a homectropic alignment layer 67.

Transparent electrodes €3 (thickness: about 100 nm) made of ITO were formed on a glass substrate 62, and a cen-
tral portion of a pixe! region was removed by photolithography and etching, whereby an axis-symmetrical alignment
central axis forming portion 64 was formed. Furthermore, convex portions 66 with a height of about 3 um were formed
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with an acrylic negative resist outside of the pixel region cn the transparent electrode 63. Thereater, spacers 65 witha
height of about 2 pm were formed with photosensitive polyimide. The size of the pixel region defined by the spacers €5
and the convex portions 66 was prescribed to be 100 pm x 100 pm. JALS-204 (produced by Japan Synthetic Rubber
Co., Lid.) was spin-coated onto the resultant substrate, whereby a homeotropic alignment layer 68 was formed.

The two substrates were attached to each other to complete a liquid crystal cell. The structure of the cell thus
obtained was the sams as that of the iquid crystal display device in Example 13.

in the present example, the following precursor mixture was injected into the cell thus produced. The precursor mix-
ture contains an n-type liquid crystal material (Ae = ~4.0; An = 0.08; a chiral angle = 90° in a cell gap of S um), and 0.3
wi% of compound A (photocurable resin) represented by the following Formuia |, and 0.1 wit% of Irgacure 651. After the
injection, an axis-symmetrical alignment central axis forming process was performed by applying an axis-symmetrical
alignment centra) axis forming vottage of about 5 voits to the cell. Furthermore, the cell was imadiated with UV-rays
(intensity at 365 nm: 6 mW/cm?) at room temperature (25°C) for 10 minutes under the application of the axis-symmet-
rical alignment central axis forming voitage, whereby the photocurable material in the precursor mixture was cured. As
a result, the axis-symmaetrical alignment fixing layers 90a and 90b were formed s0 as to cover the homeotropic align-
ment layers 68 and 67 on the substrates in the course of the axis-symmetrical alignment central axis forming process.
The axis-symmetrical alignment foxing layers 902 and 30b contain a polymer of a cured photocurable or thermosstting
material, such a5 an acrylate type material, a methacrylate type material, a styrene type material, and derivatives
thereot, contained in the precursor mixture.

FFFF
CHz = CHCOO (CH2)s 0 ~ONOY-0(CHz)s 00CCH=Citz ()

Polarizing plates were attached to both sides of the cefl to complete a liquid crystal display device.

Each pixel was observed in a transmission mode with a polarizing microscope in crossed-Nicols under the applica-
tion of a voltage to the cell in Example 16. Even immediately after the application of a voltage, a single central axis was
tormed in each pixel region without a plurality of central axes being formed. Thereafter, the voltage applied to the cell
was once removed, and a voitage of 1/2 Vy, or more was applied to the cell again. However, a phenomenon that a plu-
rality of central axes are present in each pixel region did not accur, and a single central axds was formed. The reason
for this is considered to be as follows: even when a voltage applied to the liquid crystal layer decreased to less than 1/2
Vin. the liquid crystal molecules did not retum to @ homeotropic alignment state; a pretit state in axis-symmetrical align-
ment was kept by the axis-symmetrical alignment fixing layer 90a. Thus, in the present exarmple, a black display is able
to be performed when no voltage is being applied. Furthermore, & is not required to perform an axis-symmetrical align-
ment central axis forming process before a dispiay operation. Although the liquid crystal molecules were provided with
a pretilt angle by the axis-symmetrical alignment fixing layer 90a, the shift from homeotropic alignment was small. A
black level when no voliage is being applied was substantially the same as that of the Equid crystal display device in
Example 13. The electro-optic characteristics and viewing angle characteristics were the sams as those shown in Fig-
wres 13 and 24. In the present example, although a photocurable resin was used, a thermosetting resin may be used.

Example 17

Liquid crystal display devices were produced in the same way as in Example 15 by injecting the precursor mixture
with the varying content of the compound A into the cell in Example 16.

The content of the compound A was varied from 0.05 wt36 to 6 wt%. The light transmittance of the bquid crystal
display devices when no voitage is bsing applied were measured, and the devices were observed to see if a stable axis-
symmetrical alignment state was formed.

As aresult, when the content of the photocurable material was less than about 0.1 wt%, the axis-symmetrical align-
ment fixing process was not able to be performed effectively. When tha content of the photocurable material was more
than about 6 wt%, the homeotropic alignment of the liquid crystal molecules was disturbed to increase light leakage
when no voitage is being applied. Thus, the content of the photocurable material is preferably in the range of about 0.1
wt9% to 6 wick.
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Example 18

In the present example, the following phase ditference plates were placed between a pair of potarizing plates and
a bquid crystal cell of the liquid crystal display device in Example 13 in such a manner that & delay axis of each phase
difference plate was orthogonal to an absorption axis of each polarizing plate.

The phase difference plate has optically negative birefringence, and satisfies n, = n,, Ny > 1y, N, > Ny, where ny,
ny are primary refractive indexes in an in-plane direction of a refractive oval body, and n, is a primary refractive index in
a thidnass direction thereot.

Supposing that the thickness of the phase difference piate is d;, the retardation in the thickness direction was (n, -
ny)ds = 160 nm.

Figure 27 shows the results obtained by measuring viewing angle characteristics of the liquid crystal display device
in Example 18. In Figure 27, y represents an azimuth angle (i.a., intra-display surface angle), 8 represents a viewing
angle (i.e., a tilt ang!e from a normal to the display surface), and the hatched portion represents a region with a contrast
of 10:1 or more.

As is apparent from Figure 27, the viewing angle of the iquid crysta! display device in the present example was
larger than that of the fiquid crystal display device in Example 13 shown in Figure 24, and the display quality was uni-
form.

Example 19

In the present eampls, the following phase difference fims were placed between a pair of polarizing plates and a
Iiquid crystal cell of the liquid crystal display device in Example 13 in such a manner that a delay axis of each phase
difference fiim was orthogonal to an absorption axis of each polarizing plate.

Tha phase difference fim has optically negative birefringence, and satisties n, > n, > n,, where ny, ny are pri-
mary refractive indexss in an in-plane direction of a refractive oval body, and n, is a primary refractive index in & thick-
ness direction thereof.

Supposing that the thickness of the phase difference fim is d,, the retardation in the thickness direction was (n, -
ny)d; = 170 nm. The retardation in an inplans direction was (ny - ny)d; = 42 nm.

Figure 28 shows the resutts obtained by measuring viewing angle characteristics of the liquid crystal display device
in Example 19. In Figure 28, y represents an azimuth angle (i.e., intra-display surface angle), 6 represents a viewing
angle (i.e., a tit angle from a normal to the display surface), and the hatched portion represents a region with a contrast
of 10:1 or more. '

As s apparent from Figure 28, the viewing angle of the liquid crysta! display device in the present example was
larger than that of the liquid crystal display device in Example 13 shown in Figure 24, and display quality was uniform.

Comparative Example 10

In Comparative Example 10, as showm in Figure 29, the homeotropic alignment layer 68 was directly formed on the
transparent electrode 83 provided on the surface of the substrate 62, and the spacers 65 were formed with photosen-
sitive polyimide in the same way as in Example 13. More spedifically, in Comparative Example 10, the convex portions
66 were not formed. The axie-symmetrical alignment central axis forming portion 64 was not formed, either.

The substrate on a lower side thus obtained was attached to a counter substrate on an upper side formed in the
same way as in Example 13 to produce a liquid crystal cell. The sams material as that in Example 13 was injected into
the cell, and polarizing plates were placed in crossed-Nicols on both sides of the cell.

In the liquid crystal display device in Comparative Example 10, the liquid crystal molecules were randomly aligned,
and disclination lines were randomly formed. The iquid crystal display device was observed under the application of a
voltage, a display with roughness was observed in gray scales.

Comparative Example 11

In Comparative Example 11, the homeotropic alignment layer 68 was directly formed on the transparent electrode
63 provided on the surface of the substrate 62 shown in Figure 22A. Thereafter, the epacers 65 were formed with pho-
tosensitive polyimide in the same way as in Example 13. More specifically, in Comparative Example 11, the convex por-
tions 66 as shown in Figure 22A were not formed, and the axis-symmetrical alignment centra) axis forming portion 64
was formed on the pixe! electrode 63.

The substrate on a lower side thus obtained was attached to a counter substrate on an upper side formed in the
sama way as in Example 13 to produce a Iiquid crysta! cell. The same material as that in Example 13 was injected into
the cell, and polarizing plates were placed in crossed-Nicols on both sides of the cell.
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In the liquid crysta) display device in Comparative Example 11, the liquid orystal malecules were randomly aligned,
and disdination lines were randomly formed in the same way as in Comparative Example 10. The liquid crystal cell was
observed under the application of an axis-symmetrical alignment central axis forming woitage, a display with roughness
was observed in gray scales.

As described above, according to the present invention, a liquid crystal display device (including a plasma address
LCD) with outstanding viewing angle characteristics and a high contrast, and a method for producing the same are pro-
vided. The device includes a liquid crystal region where liquid crystal molecules are vertically aligned when no voltage
is being applied and are axis-symmetrically aligned under the application of a voitage.

The liquid crystal display device of the present invention has outstanding viewing angle characteristice because of
a fquid crystal region which is switched between homeotropic alignment and axis-symmetrical alignment. Furthermore.
the device uses a liquid crystal material with a negative dielectric anisotropy, performing a display in a normally black
mode in which a homeotropic alignment state is abtained when no voltage is being applied. Therefore, a disptay with a
high contrast can be provided. In particular, by contralling the positions of the axis-symmetrical alignment central axes
of the liquid crystal molecules under the application of a voltage, roughness of a display in gray scales Is efiminated,
whereby display quality can be remarkably improved.

More specifically, since the convex portions defining the pixel regions are formed on the suriace of at least one of
the substrates on the liquid crystal layer sids, each pixel region exhiditing axis-symmetical alignment is defined by the
convex portions. Furthermore, a treatment for controfling the positions of the axis-symmstrical alignment central axas
is pesformed, so that the position of the axis-symmetrical alignment central axis in each pixel region exhibiting axis-sym-
metrical alignment is defined.

Examples of the treatment for controlling the positions of the axis-eymmetrical alignment central axes include: (i)
performing an axis-symmatrical alignment central axis forming process in which a desired voltage is applied for a
desired period of time or longer: (i) prescribing Sa 60 as to satisty 0 < Sa/A < 4%, where Sa represents an area ofa
region in which the liquid crystal molecules keep a homeotropic alignment state under the application of an axis-sym-
metrical alignment central axis forming voltage and A represents an area of a pbee! region; (i) forming an axis-symmet-
rical alignment central axis forming portion at a substantially central position or at a predetermined position in each of
a plurality of pixel regions; (iv) prescribing the thickness of the liquid crystal layer in the pixe! region 60 as to become
largest at a central portion of the pixel region and continuously decrease from the central portion to a peripheral portion
of the pixe! region; and (v) forming an axis-symmetrical alignment fixing layer on the surface of at least one of the sub-
strates on the liquid crystal layer side.

The fiquid crystal display device of the present invention is preferably used, for example, for a portable information
terminal used by a number of people, a peracnal computer, a word processor, amusement equipment, education equip-
ment, a flat display used in a TV apparatus, and a display plate, window, door and wall utilizing a shutter effect. The
liquid crystal display device of the present invention is also preferably used as a large display apparatus such as a high
definition TV (HDTV) and a display for a CAD.

Various other modifications will be apparent to and can be readily made by those skilled in the art without departing
from the scope and spirit of this invention. Accordingly, it is not intended that the scope of the claims appended hereto
be limited to the description as set forth herain, but rather that the claims be broadly construed.

Claims

1. A liquid crystal display device comprising a pair of substrates and a liquid crystal layer provided between the sub-
strates, wherein liquid crysta) molecules in the liquid crystal layer have a negative dielectric anisotropy, and the lig-
uid crystal molecules are aligned in a direction substantiaBy vertical to the subsbates when no voitage Is being
applied and axis-symmetrically aligned in each of a plurality of pixel regions under application of a voltage.

2. Aliquid crystal display device acconding to daim 1, wherein a thickness (di) of the iquid crystal layer in the pixe!
region is larger than a thickness (d..s) Of the liquid crystal layer outside of the pixel region, and the device incudes
a homaotropic alignment layer in a region corresponding to the pixe! region on a surface of at least one of the sub-
strates on the liquid crystal layer side.

3. A liquid crystal display device according to claim 2, wherein at least one of the substrates has convex portions
defining the pixe! region on a surface on the liquid orystal layer side.

4. A liquid crystal display device according to clalim 1, wherein the thickness of the liquid crystal layer in the pixel
region Is largest at a central portion of the pixel region and continucusly decreases toward a peripheral portion of
the pixe! region. .
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5. A liquid crystal display device according to claim 4, wherein the thickness of the liquid crystal layer in the pixel
region is axdis-symmetrically changed around the central porticn of the pixe! region.

6. Aliquid crystal display device according to claim 1, turther comprising a projection at the central portion of the pixel
region, wherein the liquid crystal molecules are axis-symmetrically afigned around the projection under the appli-
cation of a woitage.

7. Aliquid crystal display device according to claim 1, wherein a retardation d - An of the liquid crystal layeris in a
range of about 300 nm to about 500 nm.

8. Aliquid crystal display device according to claim 1, wherain a twist angle of the liquid crystal layer is in & range of
about 45° to about 110°.

9. Aliquid crystal display device according to claim 1, comprising a pair of polarizing plates disposed in crossed Nico!s
on both sides of the liquid crystal layer, a phase difference plate having a relationship, in which a refractive index
nyy in anin-plane direction is greater than a refractive index n, in a direction vertical to a plane, being provided on
at least one of the polarizing piates.

10. A liquid crysta! display device according to claim 1, wherein an axis-symmetrical alignment fixing layer which pro-
vides the liquid crystal molecules with an axis-symmetrical pretilt angle is further formed on a surface of at least
one of the substrates on the liquid crysta! layer side. ’

11. Aliquid crystal display device according to claim 10, wherein the axis-symmetrical alignment fixing layer contains
a photocurable resin.

12. A msthod for producing a liquid crystal display device, comprising the steps of:

forming a homeotropic alignment layer on a pair of substrates, respectively;

disposing a mixture containing a iquid crystal material having a negative dielectric anisotropy and a photocur-
able resin between the homeotropic alignment layers on the substrates; and

curing the photocurable resin while applying a voltage higher than a threshold voltage of the liquid crystal
material to the mixture, €0 as to form an axis-symmetrical alignment tixing layer providing the liquid crystal mol-
ecules with an axis-symmetrical pretilt angle.

13. A method for producing a fiquid crystal display device according to claim 12, further comprising the step of forming
convex portions defining pbxel regions on a surface of at least one of the substrates before the step of forming the
homeotropic alignment layers on the substrates.

14. Aliquid crystal display device, comprising: a plasma substrate having plasma chambers for performing plasma cfis-
charge; a counter substrate having signal electrodes; and a liquid crystal layer provided between the plasma sub-
strate and the counter substrate, the device being driven by the signal electrodes and the plasma chambers,

wherein liquid crystal moleculss in the liquid crystal layer have a negative dislectric anisotropy, and the liquid
crystal molecules are aligned in a direction substantially vertical to the substrates when no voltage is being epplied
and axis-symmetrically aligned in each of a plurality of pixel regions under application of a voitage.

16. A liquid crystal display device according to claim 14, wherein a thickness (d,,) of the fiquid crystal layer in the pixel
region is larger than a thidmess (d,,.,) of the liquid crystal layer outside of the pixsl region, and the device includes
a homeotropic alignment layer in a region corresponding to the pixef region on a suriace of at least one of the sub-
strates on the liquid crystal layer side.

16. A liquid crystal display device according to daim 15, wherein at least one of the counter substrate and the plasma
substrate has convex partions defining the pixel region on a surface on the liquid crystal layer eikde.

17. A liquid crystal display device according to daim 14, wherein the thidmess of the liquid orystal layer in the pixe!
tegion is largest at a central portion of the pixel region and continuously decreases toward a peripheral portion of
the pbee! region.

18. A liquid crystal display device according to daim 17, wherein the thickness of the liquid arystal layer in the pixel
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region is axis-symmetrically changed around the central portion of the pixel region.

19. A liquid crystal display device acconding to claim 14, comprising a pair of polarizing plates disposed in crossed-
Nico's on both sides of the liquid crystal layer, a polarization axis of ane of the polarizing plates being paralle! to an
extending direction of the signal electrodes or the plasma chambers.

290. A liquid crystal display device according to daim 14, wherein an axis-symmetrical afignment fixing layer which pro-
vides the liquid crystal molecules with an axis-symmetrical pretilt angle is further formed on a surface of at least
one of the plasma substrate and the counter substrate on the liquid crystal layer side.

21. A liquid crystal display device according to claim 20, wherein the axis-symmetrical alignment fixing layer contains
a photocurabte resin.

22. Afiquid crystal display device, comprising: a pair of substratas and a liquid crystal layer provided between the sub-
stratee,
wherein liquid crystal molecules in the liquid crystal layer have a nepative dielectric anisotropy, and the liquid
crystal molecules are alignad in a direction substantially vertical to the substrates when no driving voltage is being
applied and axis-symmaetrically afigned around an axis-symmetrical alignment central axis in each of a plurality of
pixel regions under application of a driving voltage, and
convex portions defining the pixe! region are provided on a surface of at least one of the substrates on the
fiquid crystal layer side, and a treatment for controlling a position of the axis-symmaetrical alignment central axis is
conducted.

23. Aliquid crystal display device according to claim 22, comyprising a region in which the liquid crystal molecules keep
a homeotropic alignment state under application of an axis-symmetrical alignment ceniral axis forming voitage at
each predetermined position in the plurality of pbe! regions.

24. A liquid crystal display device according to claim 23, wherein Sa is an area of the region in which the liquid crystal
molecules keep a homootropic alignment state under the gpplication of the axis-symmetrical alignment central axis
forming voitage, A is an area of the pixel region, and Sa/A satisfies the relationship 0 < Sa/A < 4%.

25. Aliquid crystal display device according to claim 22, comprising an axis-symmetrical alignment central axis forming
portion at & predetermined position in each of the plurality of pixel regions, and the axis-symmstrical alignment cen-
tral axis of the liquid crystal molecules is formed comresponding to the axis-symmstrical alignment central axis form-
ing portion.

26. A Bquid crystal display device according to dlaim 25, wherein Sb is an area of the axis-symmetrical alignment cen-
tral axis forming portion, A is an area of the pixel regicn, and Sb/A satisfies the relationship 0 < SW/A < 4%.

27. Aliquid crystal display device according to claim 22, wherein a thickness of the liquid crystal layer in the pixel region
is larger than a thickness of the biquid crystal layer outside of the pixel region.

28. A liquid crystal display device according to claim 27, wherein the thickness of the liquid crystal layer in the pixel
region is largest at a central portion of the pixel region and continuously decreases from the central portion to a
peripheral portion of the pixel region.

29, A liquid crystal display device according to claim 28, wherein the thickness of the liquid crystal layer in the pixe!
region ts axis-symmetrically changed around the central portion of the pixel region.

380. Aliquid crystal display device according to claim 22, wherein an axis-symmetrical alignment fixing layer is provided
on a surface of at least one of the substrates on the liquid crystal tayer side.

31. A liquid crystal display device according to claim 30, whersein the axis-symmetrical alignment fixing layer contains
a photocurable resin.

$2. A method for producing a liquid crystal display device including a pair of substrates and a liquid crystal layer pro-
vided between the substrates, liquid crystal molecules in the liquid crystal layer having a negative diefectric anisct-
ropy, the Equid crystal molecules being aligned in a direction substantially vertical to the substrates when nodriving
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voltage is being applied and being axis-symmaetrically aligned around an axis-symmetrical alignment central axis in
each of a plurality of pixel regions under application of a driving voltage,

the method comprising the step of performing an axis-symmetrical alignment central axis forming process.

33. A method for producing a liquid crystal display device according to cdlaim 32, wherein the axis-symmetrical align-
ment central axis forming process inciudes the steps of:

disposing a precursor mixtwe containing a liquid crystal material and a photocurable material between the
substrates; and

curing the photocurable material while applying an axis-symmetrical alignment central axis forming voltage to
the precursor midure.

34. A method for producing a liquid arystal display device according to claim 33, wherein the axis-symmetrical align-
ment central axis forming voltage is 1/2 or more of a threshold voltage of the liquid crystal material.

35. A method for producing a liquid orystal display device according to claim 33, wherein the axds-symmetrical align-
men central axis forming voltage is an AC voltage.

36. A method for producing a liquid crystal display device according to claim 35, wherein a frequency of the AC voltage
is 1 Hz or more.

)
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